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Abstract (English) 
Lake fish assemblages are increasingly exposed to environmental change in their habitats. The 
investigation of abiotic and biotic factors and their effects on the size structure of lake fish is 
essential for predicting the response of fish assemblages to environmental change. However, 
sampling of lake fish is challenging because sampling gears are selective. The quality and 
correspondence of fish catches from angling, gillnetting, trawling and hydroacoustics were analysed. 
Non-standardised catch data from recreational angling were of limited quality for a comparison of 
fish stocks. Vertical hydroacoustics is an efficient method to quantify fish biomass in stratified lakes. 
Sampling effort of multi-mesh gillnets can be reduced when fish abundance estimates are derived 
from contemporarily operating hydroacoustics. Trawling is useful to sample pelagic fish assemblages 
in deep lakes.  
The size structures of fish assemblages differed on a small and a large geographical scale along 
gradients of abiotic and biotic lake descriptors and differences in fish assemblage composition. At a 
small geographical scale assemblages in deep and less nutrient-rich lakes with high predator 
abundances were characterised by a higher proportion of large fish. Shallow nutrient-rich lakes with 
few predators were characterised by more medium-sized fish. At a large geographical scale thermal 
optima of fish generated two types of assemblages with different size structures. A high proportion 
of large salmonids was observed in coldwater lakes at high elevation sites in northern and southern 
Europe. Lowland lakes with cool- and warmwater fish were dominated by small-sized individuals. The 
results suggest that lowland lake fish assemblages are relatively robust against environmental 
change. Coldwater fish assemblages instead may suffer dramatic consequences from global warming 
as expected species shifts are likely to be accompanied by shifts in the size structure towards smaller 
individuals.  
Key words: lake fish, hydroacoustics, gillnet, trawl net, recreational angling, body size, size structure  
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Abstract (German) 
Fischgemeinschaften in Seen sind zunehmenden Umweltveränderungen unterworfen. Die Analyse 
des Einflusses abiotischer und biotischer Faktoren auf die Größenstruktur von Fischgemeinschaften 
ist entscheidend, um die Entwicklung von Seeökosystemen im Zuge von Umweltveränderungen 
vorhersagen zu können. Es ist jedoch schwierig Fische in Seen zu beproben, da Fanggeräte selektiv 
sind. Die Qualität und Vergleichbarkeit von Fischfängen durch Angler, Kiemennetze, Schleppnetze 
und Hydroakustik wurden untersucht. Anglerfänge eignen sich begrenzt für vergleichende 
Fischbestandsuntersuchungen. Vertikale Hydroakustik eignet sich für die Fischbiomasse-
quantifizierung in geschichteten Seen. Der Beprobungsaufwand von Kiemennetzen kann reduziert 
werden, wenn zeitnah hydroakustische Untersuchungen statt finden. Schleppnetze eignen sich für 
die Beprobung von pelagischen Fischen in tiefen Seen.  
Die Größenstruktur von Fischgemeinschaften unterschied sich auf regionaler und überregionaler 
Ebene entlang abiotischer und biotischer Gradienten. Die regionale Studie zeigte, dass tiefe 
nährstoffarme Seen mit hohen Raubfischabundanzen durch mehr große Fische gekennzeichnet 
waren. Nährstoffreiche Flachseen mit wenigen Raubfischen zeigten höhere Anteile von mittleren 
Fischgrößen. Im überregionalen Vergleich führten Temperaturpräferenzen der Fischarten zu zwei 
Fischgemeinschaften, die sich in ihrer Größenzusammensetzung unterschieden. Ein hoher Anteil 
großer Salmoniden war typisch für hochgelegene Kaltwasserseen im Norden und Süden Europas. 
Flachlandseen mit Kühl- und Warmwasserfischen zeichneten sich durch eine Dominanz von kleinen 
Fischen aus. Das lässt vermuten, dass Fischgemeinschaften in Flachlandseen relativ robust gegenüber 
Umweltveränderungen reagieren. Kaltwasserfischgemeinschaften könnten im Zuge der 
Klimaerwärmung starken Änderungen unterliegen, da eine Veränderung in der Artenzusammen-
setzung von einer Verschiebung in der Größenstruktur hin zu mehr kleinen Fischen begleitet sein 
wird. 
Schlagwörter: Fisch, See, Hydroakustik, Kiemennetz, Schleppnetz, Freizeitangelei, Körpergröße, 
Größenstruktur 
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1 Introduction 
The following thesis can be divided into two halves referring to different approaches. The first half 
consists of a methodological and technical approach in analysing the quality and correspondence of 
fish catches obtained by different types of sampling gear (papers I, II & III; Figure 1a). The second half 
is primarily related to basic ecological questions, and underlying abiotic and biotic factors and their 
effects on the size structure of fish assemblages in European lakes were analysed (papers IV & V; 
Figure 1b). Both approaches are closely linked, as the conclusions on size structure patterns in lake 
fish assemblages are derived with the catch data from types from sampling gear presented in the 
first approach (Figure 1).  
 
 
 
Representative sampling of lake fish assemblages is challenging particularly in large lakes (Kubečka et 
al. 2009). Fish sampling may be efficient in small water bodies such as wadeable streams and shallow 
ponds (e.g. Rosenberger & Dunham 2005), but samplings become more difficult with increasing size 
and depth of the water body. However, environmental directives such as the Habitat Directive 
(European Communities 1992) and the Water Framework Directive (European Union 2000) require 
Figure 1: Schematic view of the structure of this thesis which is based on 
five papers referring to a methodological approach (a) and a size-related 
approach (b). 
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an assessment and the monitoring of fish assemblages in large European lakes. An important 
prerequisite for comparable large-scale fish samplings is the application of standardised sampling 
methods with comparable post processing and analyses of samples (Bonar & Hubert 2002). 
Substantial research has been gone into developing, improving and harmonising the standardised 
scientific types of fishing gear used to sample lake fish (Bonar et al. 2009; Kubečka et al. 2009; 2012). 
Nevertheless, there remains a strong research demand for studies comparing lake fish catches from 
different types of sampling gear (Kubečka et al. 2009; 2012). Fish data from standardised samplings 
are meanwhile available from several hundred lakes located in countries throughout Europe. 
Merging of these local datasets would provide an excellent premise for comparable and 
representative studies which may answer current questions in basic and applied research. The 
availability of such large datasets built the impetus for this thesis.  
It is hypothesised that analyses of fish catch data obtained from many lakes using the same types of 
sampling gear and comparable sampling designs, provide new insights if and how fish catch data 
from different types of sampling gear correspond to each other (methodological approach). 
Furthermore, it is suggested that high-resolution datasets of European lake fish assemblages which 
include information on local fish abundance and individual body size, and which were sampled with 
standardised types of sampling gear provide new insights how the size structure of lake fish 
assemblages varies across gradients of abiotic and biotic lake characteristics (size-related approach). 
Studies which analyse the effects of abiotic and biotic factors on the size structure of organism 
assemblages are essential for identifying and predicting the response of organism assemblages and 
ecosystems to environmental change (Petchey & Belgrano 2010; Yvon-Durocher et al. 2011; Gardner 
et al. 2011). 
The current state of scientific research of lake fish assemblage sampling methods and analyses of 
their size structures is reviewed, and existing knowledge gaps and the resulting specific research 
questions referred to the five papers of this thesis are addressed the following.  
 
1.1 Sampling fish in lakes 
Information on fish assemblages can be obtained from many sources (cf. Gabriel et al. 2005). Fish 
data are taken from literature (Gassner et al. 2005; Brämick et al. 2008; Volta et al. 2011), from 
obligatory and voluntary catch statistics of commercial and recreational fisheries (Eckmann et al. 
2006; Brämick et al. 2008; Gerdeaux & Janjua 2009), and from samplings using scientific types of 
sampling gear (Peltonen et al. 1999; Jeppesen et al. 2006; Deceliere-Vergès & Guillard 2008). Several 
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sampling techniques and types of sampling gear have been developed to sample fish in lakes and 
reservoirs (for reviews see Portt et al. 2006; Bonar et al. 2009) but virtually all types of sampling gear 
are species- and size-selective (Gulland 1980). The use and comparison of different sampling 
techniques may help to understand and balance this gear-specific catch selectivity (Dahm et al. 1992; 
Kubečka et al. 2009).  
Fish samplings should ideally be as comprehensive as possible to reflect a ‘true picture’ of the fish 
stock (Kubečka et al. 2009) even though depending on the specific research question. Quantitative 
data are important in fisheries management for instance to regulate planktivorous fish stocks in 
order to improve water quality in lakes and reservoirs (Jurvelius & Sammalkorpi 1995; Schmidt et al. 
2005). Simple presence-absence information may be instead sufficient to describe differences in lake 
fish assemblage composition across large spatial scales (Heino et al. 2010). Nevertheless, an overall 
‘true picture’ should include information on fish quantity, species composition, size structure, spatial 
and temporal distribution patterns of the fish and an assessment of data accuracy and data precision 
(Kubečka et al. 2009). Such a comprehensive description of fish stocks, including a critical data 
evaluation, is not always possible. Local regulations or limited resources often set strict limits to the 
choice of types of sampling gear as well as the intensity of sampling and data post processing. 
Therefore, knowledge about the quality of fish catches from different types of sampling gear, and 
whether catches from different types of sampling gear are comparable, is crucial in fish science and 
lake ecosystem management. 
1.1.1 Recreational angling 
Angling catch records are frequently used to infer insights about fish population structure in lakes 
(Elliott & Fletcher 2001; Kuparinen et al. 2010; Vainikka et al. 2012), particularly when local 
restrictions prevent or limit the use of scientific sampling gears such as gillnets (Mosindy & Duffy 
2007; Winfield et al. 2009). Anglers’ catches are typically expressed as relative catch-per-unit-effort 
(CPUE) data (i.e. number or biomass of fish caught per hour of fishing). However, it remains unknown 
whether anglers’ CPUE data are a reliable measure of fish abundance and population size structure, 
as anglers’ catches are strongly species- and size-selective (Bray & Schramm 2001; Smith 2002; Alós 
et al. 2009). Fishing skills and fishing experience of individual anglers, as well as the choice of bait 
type and lure size can influence catch composition, catch rates and size of fish caught (McConnell et 
al. 1995; Arlinghaus & Mehner 2003; Wilde et al. 2003; Arlinghaus et al. 2008). Furthermore, most 
angling catch data lack a standardisation (e.g. the use of gear and bait type, lure size) comparable to 
those established for scientific fish sampling methods (cf. Appelberg et al. 1995; Bonar et al. 2009; 
Parker-Stetter et al. 2009). However, standardisation of fish samplings is fundamental to facilitate 
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the comparison of fish stocks among water bodies (Bonar & Hubert 2002). Many studies which have 
analysed anglers’ catches to assess the status and trend of fish stocks are limited to single water 
bodies (e.g. Lux & Smith 1960; Cooper & Wheatley 1981; VanDeValk et al. 2005). Some research has 
adopted comparable approaches for analysing catch data from a series of lakes and relating 
variability in fish catches to differences in abiotic lake characteristics related to lake morphometry, 
trophic status and productivity (Ryder 1965; Hanson & Leggett 1982; Wilde & Pope 2004a). The 
understanding whether angling catches can reflect general limnological and morphometric lake 
characteristics, and how catch data are influenced by individual angler attributes, is important to 
evaluate the quality of fish catch data from anglers to characterise and to compare fish stocks from a 
series of water bodies. 
Eurasian perch (Perca fluviatilis L., hereafter perch) is widespread across Europe (Kottelat & Freyhof 
2007) and perch is a highly valuable and strongly targeted angling species in many European 
countries such as Germany (Arlinghaus & Mehner 2004) and Finland (Vainikka et al. 2012). This 
makes perch a distinguished model species to test whether angler catches reflect differences in 
abiotic lake characteristics, and how angler catches are influenced by an individual angler attributes. 
Perch continuously occurs in shallow and deep lakes along the full trophic gradient from ultra-
oligotrophic to hypertrophic lakes (Jeppesen et al. 2000; Beier 2001; Olin et al. 2002). Between-lake 
population size of perch can differ substantially among lake types reflecting the prevailing abiotic and 
biotic conditions. High perch abundances are typically observed in relatively deep vegetation-rich 
lakes characterised by high water transparencies and low to moderate nutrient concentrations. By 
contrast, low perch abundances are characteristic for eutrophic, less structured and turbid lakes 
(Persson et al. 1991; Olin et al. 2002; Mehner et al. 2005). It is therefore likely that anglers’ catch 
rates of perch vary among lakes which differ in morphometry and trophic status.  
1.1.2. Scientific fish sampling 
Fishing gear types are usually classified as either active or passive. Passive types of fishing gear such 
as gillnets, traps and fyke nets are stationary, and the catching success of the gear depends largely 
upon the activity and behaviour of the fish encountering the gear, and the probability of being 
retained in the gear (Hamley 1975; He & Pol 2010). Passive types of fishing gear are most efficient 
during periods of high fish activity, such as twilight (Vašek et al. 2009; Prchalová et al. 2010). Contrary 
to this, active types of fishing gear such as trawling, seining and hydroacoustics are moved either by 
machines or with human power to capture or detect fish. Active types of fishing gear are more 
efficient at catching slow-swimming and resting fish which are ideally exposed in less structured 
habitats, for instance fish which migrate into the pelagic lake habitat during darkness (Appenzeller & 
__________________________________________________________________________________ 
__________________________________________________________________________________
7 
 
Leggett 1992; Lewin et al. 2004; Schmidt et al. 2005). Concerning active types of fishing gear, fish 
movement is primarily important with respect to fish avoidance reactions from fishing vessels and 
fishing gears (Draštík & Kubečka 2005; Guillard et al. 2010; Rakowitz et al. 2012). Passive types of 
fishing gear typically catch fish at a specific location over a prolonged time period, while active types 
of fishing gear typically catch fish over a larger area during a shorter time period (Portt et al. 2006). 
Active and passive types of fishing gear are often used simultaneously to obtain a more 
comprehensive understanding of fish stocks, and to compare gear performances (Olin & Malinen 
2003; Olin et al. 2009; Jurvelius et al. 2011).  
Data from scientific fish samplings are meanwhile available from several hundred European lakes, 
mainly based on catches in multi-mesh gillnets (e.g. Tammi et al. 2003; Jeppesen et al. 2003; Mehner 
et al. 2007). Originally developed in the Nordic countries of Norway, Sweden and Finland (Appelberg 
et al. 1995) NORDIC multi-mesh gillnets have become the official standard for freshwater fish 
monitoring in European lakes (CEN 2005) (cf. 3.1.2.1 for net and sampling details). However, the 
intensive use of gillnets for sampling lake fish assemblages remains controversial among fish 
scientists and fisheries managers, as exemplified below. 
Similarly to anglers’ catches, catches from passive gillnets can only provide relative estimates of fish 
abundance usually expressed as CPUE data (i.e. fish caught per net per night). Relative fish 
abundance estimates may not entirely correspond with absolute quantitative fish densities 
(Linløkken & Haugen 2006; Prchalová et al. 2011) because of the species- and size-selectivity as well 
as the saturation effect of the gillnets, which varies depending on the number of fish entangled in the 
meshes (Olin et al. 2004; Prchalová et al. 2011). Representative gillnet sampling particularly in large, 
deep lakes requires considerable effort and subsequent catch processing time, and is therefore costly 
(Dahm et al. 1992; Van Den Avyle et al. 1995). Some European countries (United Kingdom, Ireland, 
Netherlands, Belgium) limit or prevent the intensive use of gillnet sampling (Winfield et al. 2009; 
Harrison et al. 2010) due to a low acceptance by the public and the recreational fisheries community 
(Winfield et al. 2009). In most situations, gillnets are considered to be destructive, because they kill 
most fish entangled in the meshes if the nets are left for several hours in water at higher 
temperatures or rapidly lifted from deep zones to the surface (cf. Buchanan et al. 2002). The 
application of alternative fish sampling techniques using less invasive types of fishing gear is 
necessary to reduce fish mortality in the course of scientific samplings. 
Active types of fishing gear such as trawls and mobile hydroacoustics can provide alternatives to the 
destructive gillnet sampling. Trawling can reduce fish mortality (Jurvelius et al. 2000; Macbeth et al. 
2006) and the application of hydroacoustics even prevents any harm to fish (Simmonds & 
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MacLennan 2005). Scientific lake fish sampling using trawls is far less frequently applied in Europe, 
probably because trawls are more difficult to operate compared to other gear such as gillnets 
(Kubečka et al. 2012). Trawling in often restricted to large, deep lakes, and trawls can best operate in 
less structured habitats such as pelagic areas to prevent damage to the gear (Peltonen & Horppila 
1992). No international standard protocol has yet been developed to guide the scientific sampling of 
freshwater fish with trawls. However, there is a general consensus towards the importance of such a 
standard for the future (as illustrated by international researchers who attended the workshop: 
‘Assigning ground truth to hydroacoustic density estimates - Improving accuracy and precision in fish 
community assessments’, in Stockholm, Sweden, 2011). Fish catches from trawls can be reported in 
absolute quantitative units (e.g. kg ha-1), because the catches can be related to the volume and area 
sampled by the trawl (Kubečka et al. 2012). Absolute fish density estimates can be superior in 
situations where a reliable estimate of total fish biomass, fish production, fish yield and an 
assessment of the ecological integrity of lakes is required (Hanson & Leggett 1982; Jurvelius & 
Sammalkorpi 1995; Gassner et al. 2003). Trawling can be very efficient in sampling large, deep lakes 
populated by large stocks of pelagic fish (Haakana & Huuskonen 2008), and trawling may provide a 
more representative picture of pelagic fish stocks (Olin et al. 2009; Jurvelius et al. 2011) which are 
poorly sampled by passive types of sampling gear such as gillnets (Deceliere-Vergès & Guillard 2008; 
Lauridsen et al. 2008; Achleitner et al. 2012). 
In contrast to capture-based fishing techniques, data acquisition by remote-sensing techniques such 
as hydroacoustics is completely non-invasive as it involves no physical contact with the fish. The use 
of transmitted underwater sound to investigate fish stocks is a rapidly developing field in fish science 
and fisheries management, and represents an increasingly favoured option to investigate lake fish 
assemblages (Simmonds & MacLennan 2005; Kubečka et al. 2009). Compared to gillnetting and 
trawling, hydroacoustic techniques provide a very powerful tool to investigate a substantial volume 
of water within relatively short time periods (Godlewska et al. 2004). Digital data obtained from 
modern split-beam echosounders are unprecedented, and allow a detailed analysis of fish 
abundance, fish biomass, and an analysis of the size structure, the spatio-temporal distribution and 
behaviour of fish in situ (e.g. Imbrock et al. 1996; Torgersen & Kaartvedt 2001; Godlewska et al. 
2004). However, even state-of-the-art split-beam echosounders cannot distinguish between fish 
species and vertical downward-looking hydroacoustics have difficulties in detecting fish near the lake 
surface and bottom boundaries (Simmonds & MacLennan 2005). For these reasons, ground-truth 
data, i.e. biological information derived from capture-based sampling techniques are essential to aid 
a meaningful interpretation of hydroacoustic data. Fish catch data from both active and passive types 
of sampling gear are used to analyse the species composition, size and age structure and condition 
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(fertility, growth rates, etc.) of fish stocks investigated by hydroacoustics (McClatchie et al. 2000). An 
official standard protocol guiding the application of hydroacoustics to sample fish in European 
freshwaters (prEN 15910, CEN 2009) has not yet been finished (see Parker-Stetter et al. (2009) for a 
United States standard). However, guidelines for the standardisation of hydroacoustic methods are 
already available (Winfield et al. 2011).  
Highlighting the continuous improvement of types of scientific sampling gear, sampling methods and 
survey designs to sample lake fish, there remains a strong research demand for studies comparing 
relative fish catches obtained from passive types of sampling gear (CPUE data) to absolute fish 
abundance estimates obtained from active types of sampling gear (Kubečka et al. 2009; 2012).  
 
1.2 Size structure of lake fish assemblages 
Variation in body size has long been recognised as one of the most fundamental issues in ecological 
research (Elton 1927; Brown et al. 2004). Body size plays an important role for most life history 
attributes of organisms including respiration, growth, maturation and reproduction (Blueweiss et al. 
1978; Peters 1983; Calder 1984). Differences in body size influence predation rates and competition 
between individuals (Brooks & Dodson 1965; Kerr & Dickie 2001). In particular, organism 
assemblages of aquatic ecosystems are strongly size-structured with substantial size differences 
between species (interspecific variation) and between the ontogenetic stages of species (intraspecific 
variation) (Werner & Gilliam 1984; Jennings et al. 2001). This variation in body size leads to complex 
interactions across multiple levels of ecosystem organisation (Persson et al. 1996) determining 
predator-prey interactions, body size abundance relationships and energy fluxes in food webs 
(Emmerson & Raffaelli 2004; Reuman & Cohen 2005; White et al. 2007). Fish play a key role in lakes, 
with pronounced effects on ecosystem organisation and functioning (Northcote 1988; Carpenter & 
Kitchell 1996; Jeppesen et al. 1997) mediated through species- and size-selective predation on 
zooplankton (Brooks & Dodson 1965; Greene 1983), macroinvertebrates (Gilinsky 1984; Blumenshine 
et al. 2000) and other fish (Sogard 1997; Dörner et al. 1999). Fish predation can promote trophic 
cascading effects in lakes affecting lower trophic levels such as zooplankton and phytoplankton 
(Carpenter & Kitchell 1996).  
Competition and predation are among the most important biotic interactions influencing the size 
structure of fish assemblages (Persson 1983; Kerr & Dickie 2001). Strong competition, particularly 
among juvenile fish, can substantially diminish growth relative to the potential of the species. This is 
referred to as a trophic bottleneck (Heath & Roff 1996). Food limitation can generate fish 
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populations that are dominated by dwarf-sized individuals (Ylikarjula et al. 1999). Such stunted 
populations are frequently observed among many common fish species which populate European 
lakes, including roach (Rutilus rutilus (L.), Burrough & Kennedy 1979; Linfield 1980), bream (Abramis 
brama (L.), Cazemier 1982), perch (Deelder 1951; Linløkken et al. 1996), Arctic charr (Salvelinus 
alpinus L., Janhunen et al. 2010) and whitefish (Coregonus lavaretus (L.), Amundsen 1988). Even 
populations of lake top predators such as pikeperch (Sander lucioperca (L.)) may be dominated by 
dwarf individuals if the ontogenetic diet shift from zooplankton to fish failed due to a lack of suitably 
sized prey fish (Vinni et al. 2009). Within stunted populations of potentially piscivores such as perch 
and Arctic charr cannibalistic giants can occur (Claessen et al. 2000; Persson et al. 2003; Byström 
2006) in situations of high fish densities and strong size disparities within and between cohorts 
(Smith & Reay 1991). Interspecific predation is also an important mechanism shaping the size 
structure of multi-species fish assemblages. Several studies have demonstrated a strong positive 
correlation of predator size and prey size, with larger prey observed in the presence of many larger 
predators (Persson et al. 1991; Mehner 2010). Fish are gape-size limited, and this limitation is a linear 
function of body size (Nilsson & Brönmark 2000; Dörner & Wagner 2003; Dörner et al. 2007). 
Ingestion in piscivorous fish is limited by a predation window, which is the specific size range of fish 
which can be preyed upon (Claessen et al. 2002). The range of the predation window depends on 
inter- and intraspecific variation in prey morphology, which is again closely related with body size 
(Nilsson & Brönmark 2000; Kekäläinen et al. 2010). Prey growing outside of this window reach a size 
refuge where they are largely invulnerable to predation (Olson 1996). The type (i.e. species) and size 
of predators strongly shape the size structure of prey. These size- and species-specific interactions 
have a major impact on the overall size structure of lake fish populations and multi-species 
assemblages (Brönmark et al. 1995; Persson et al. 1996). A comprehensive analysis of the effects of 
biotic factors on the size structure of lake fish must ideally contain information on species 
abundances, a functional classification of the fish according to their feeding modes (e.g. piscivorous, 
non-piscivorous) and information concerning individual body size. 
Biotic factors which influence fish assemblage structure interact in complex ways with prevailing 
abiotic environmental conditions such as the thermal, morphometric and chemical habitat properties 
(Jackson et al. 2001). The environmental temperature of ectothermic animals has a significant effect 
on body size, ranging from the individual to the assemblage level (Daufresne et al. 2009), and 
resulting from physiological constraints at different, species-specific temperature optima (Lindsey 
1966; Atkinson & Sibly 1997). The temperature-size rule (Atkinson 1994) describes the phenotypic 
plastic response of fish body size (and the body size of other ectothermic animals) relative to changes 
in their environmental temperature. Individuals living in a colder environment grow slowly early in 
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ontogeny, but mature as larger adults and grow to larger maximum size compared to individuals in a 
warmer environment (Atkinson 1994). At higher temperatures, early growth is accelerated together 
with the developmental rate of the individual (Pepin 1991; Johnston & Bennett 1996). This leads to 
smaller adult body size induced by an early shift of energy allocation from somatic growth towards 
gonadal development and investment (Blueweiss et al. 1978). The temperature dependence of body 
size of ectothermic fish is supported by theoretical and empirical evidence from laboratory and field 
studies (Atkinson 1994; Sibly & Atkinson 1994; Heibo et al. 2005). 
The thermal lake regime is determined by the interplay between a lake’s geographic location 
(latitude, longitude, elevation (m a.s.l.)) and morphometry (area, depth) (Edmundson & Mazumder 
2002; Williams et al. 2004). Deep lakes and lakes at high latitudes and high elevation are often 
referred to as cool- and/or coldwater lakes. Lakes which are located at lower elevation sites in 
central and southern Europe are typically shallower (Nõges 2009), and these lakes can be referred to 
as warmwater lakes. The lake types can fundamentally differ in fish assemblage composition, 
controlled by the different temperature optima of coldwater (e.g. most salmonids), coolwater (e.g. 
many percids) and warmwater fish (e.g. many cyprinids) (Hokanson 1977; Magnuson et al. 1979; 
Eaton & Scheller 1996). Whether these taxonomic differences in fish assemblage composition cause 
shifts in the size structure is less understood, particularly across large geographical scales. 
Ecosystem size is an important predictor of food-chain length in lakes with more and higher trophic 
levels in large lakes (Post et al. 2000), and thus larger top predators are typically observed in large 
lakes. However, mean predator-prey body size ratios are typically smaller in the more stable 
environment of large ecosystems (Jennings & Warr 2003). Lake depth primarily influences fish 
assemblage size structure via density-dependent processes. Volumetric fish densities are often lower 
in deep lakes compared to shallow lakes, leading to on average larger fish in deep lakes (Jeppesen et 
al. 1997). 
A lake’s morphometry and thermal regime are furthermore closely linked with lake productivity 
(Rawson 1952; Brylinsky & Mann 1973). Typically, shallow warmwater lakes have a higher 
productivity than deep coldwater lakes (Nõges 2009), caused by the rapid recycling of nutrients in 
the extensive littoral zone (Ryder 1965; Hanson & Leggett 1982). Nutrient-rich warmwater lakes 
support a higher overall fish biomass and fish density (Hanson & Leggett 1982; Downing et al. 1990; 
Brämick & Lemcke 2003), and these lakes are often populated by fish assemblages that are 
dominated by small-sized individuals (Jeppesen et al. 2000; Godlewska & Świerzowski 2003; Teixeira-
de Mello et al. 2009). During periods of summer stagnation, fish regularly crowd epilimnetic water 
layers in shallow and highly productive northern temperate lakes, particularly if environmental 
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conditions at greater depths are less favourable for the fish (Draštík et al. 2009). This crowding leads 
to strong biotic interactions in the epilimnion underlying exemplary the close interplay between 
abiotic and biotic factors in lakes. A comprehensive analysis of the size structure of lake fish 
assemblages should therefore consider both abiotic and biotic factors.  
1.2.1 Anthropogenic influences on the size structure of lake fish assemblages 
Today, many lakes are strongly impacted by anthropogenic activities (Mason 2002). Lake fish 
assemblages are faced with increasing anthropogenically-induced environmental changes in their 
habitats. An expansion of the socioeconomic value of lake ecosystems has led to the increase pursuit 
of leisure activities such as boating, bathing, fishing and diving. Lakeshore ecotones in particular are 
heavily modified by manmade constructions such as beaches, marinas, footbridges, sheet piles and 
erosion control structures including fascines and rock rip-rap (Strayer & Findlay 2010). Empirical 
studies have shown that shoreline bank constructions may have a substantial impact on fish 
assemblage composition, as well as the spatial distribution and growth of fish (Jennings et al. 1999; 
Schindler et al. 2000; Scheuerell & Schindler 2004). Shoreline bank constructions may furthermore 
modify entire lake food webs by modifying the quantity and availability of benthic food resources to 
lake top predators (Doi et al. 2010). Despite this, the possible effects of shoreline degradation and 
recreational lake-use on the size structure of fish assemblages have yet to be investigated. Fishing 
can undoubtedly modify the size structure of lake fish assemblages through the species- and size-
selective harvesting of primarily larger and predatory fish (Mcdonald & Hershey 1989; Gassner et al. 
2003; Lewin et al. 2006). One may therefore anticipate skewed size structures with less large-sized 
individuals in lake fish assemblages which have been exploited by recreational and/or commercial 
fisheries.  
Anthropogenically-induced eutrophication is still one of the main pressures affecting lake ecosystems 
(Harper 1992; Mason 2002). Current increases in lake productivity are primarily driven by diffusive 
nutrient inflows from agriculturally-dominated catchments (Daniel et al. 1998). Eutrophication may 
downgrade the ecological, economic and recreational value of lakes by reducing biodiversity, altering 
species composition and decreasing water transparency (Carpenter et al. 1998; Jeppesen et al. 2000; 
Ansari et al. 2011). Empirical studies have demonstrated shifts in the size structure of lake fish 
towards a dominance of small-sized cyprinids with increasing eutrophication (Jeppesen et al. 2000). 
Finally, empirical evidence is accumulating to suggest that global warming, which alters the thermal 
regime of lakes (e.g. Sahoo & Schladow 2008), will play a particularly significant role in modifying 
species composition, relative species abundances and the size structure of lake fish assemblages 
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towards an increase and a dominance of warmwater species and small-sized individuals (Lehtonen 
1996; Daufresne et al. 2009; Jeppesen et al. 2012). 
Analyses of the variations in lake fish assemblage size structure along gradients of lake-use intensity, 
lake productivity and lake temperature may support predictions of the response of lake fish 
assemblage structure to future anthropogenic disturbances and environmental changes (cf. Petchey 
& Belgrano 2010). 
1.2.2 The role of spatial scale 
The spatial scale of a study can determine the relative influence of biotic and abiotic factors on 
community structure (Declerck et al. 2011). Some factors show large variation at small spatial scales 
which can generate substantial differences in local communities. Different factors only become 
important at large spatial scales (Borcard et al. 2004). Small-scale studies, limited in geographical 
range which are often characterised by relatively stable and comparable environmental conditions 
among the study sites (e.g. climate), indicate a greater importance of biotic interactions such as 
predation and competition on lake fish assemblage structure (Holmgren & Appelberg 2001; Olin et al. 
2010). Large-scale studies which cover broad gradients of abiotic (as well as biotic) factors have 
instead indicated a stronger influence of abiotic factors (Jackson & Harvey 1989; Jackson et al. 2001) 
due to an increase in environmental heterogeneity (Zalewski & Naiman 1984).  
Local studies which analyse fish assemblage structure in one or several lakes are typically 
characterised by high-resolution datasets with detailed information on fish abundance, size structure 
and/or fish habitat use (e.g. Lewin et al. 2004). Large-scale studies analysing fish size structure, and 
involving several hundred lakes are instead typically based on simple presence-absence data and 
maximum reported fish size, and thus lack detailed information on local fish abundance and 
individual body size (Knouft 2004; Griffiths 2012). Other studies have focused only on a few selected 
species, and did not consider entire assemblages (Heibo et al. 2005; Blanck & Lamouroux 2007; 
Lappalainen et al. 2008). A combination of high-resolution datasets of lake fish assemblages with 
information on local fish abundance and individual body size (obtained ideally from standardised 
samplings conducted in several hundred lakes) would therefore provide an excellent premise for 
investigating the fundamental abiotic and biotic factors which shape the size structure of lake fish 
assemblages across different spatial scales. Such large datasets from European lakes were not 
previously available.  
Approaches which analyse the effects of biotic and abiotic factors on the size structure of lake fish 
assemblages at different spatial scales are essential not only for the understanding and identification 
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of regional and global ecological processes in lakes, but also for identifying and predicting the 
response of fish assemblages and lake ecosystems to local anthropogenic disturbances and global 
environmental change (Petchey & Belgrano 2010; Yvon-Durocher et al. 2011; Gardner et al. 2011). 
This literature review illustrated current knowledge gaps in research which are related to the 
sampling of lake fish assemblages and the analysis of their size structure. In summary, studies 
which analyse the quality of angling catch data collected from European lakes are rare. It is only 
poorly understood whether non-standardised angling catch data can be used for the characterisation 
and comparison of fish stocks across a series of lakes. Furthermore, knowledge gaps in scientific fish 
sampling became evident. Specifically, studies which compare relative fish catch data obtained from 
passive types of sampling gear (CPUE data) to absolute fish abundance estimates obtained from 
active types of sampling gear, and which are collected in a standardised manner across a series of 
lakes are lacking. Sampling fish assemblages using trawls is only infrequently applied in European 
lakes. Further studies may provide important information about the quality of catch data from trawls 
and their correspondence to catch data from different types of sampling gear. An increase in 
knowledge about the efficiency and selectivity of trawl nets may promote the development of an 
official standard protocol which guide the application of trawls to sample European lake fish 
assemblages. 
Less is known about the biogeographic patterns in the size structure of European lake fish 
assemblages taking relative fish abundances, differences in species composition, the functional 
characterisation, individual measures of body size and a range of abiotic descriptors related to the 
lakes’ location, morphometry, productivity and anthropogenic use-intensity into account. Studies 
which analyse the existing high-resolution datasets on size structure relative to changes in abiotic 
lake descriptors and differences in fish assemblage composition may lead to an increased 
understanding which factors influence the structural properties of lake fish assemblages, and how 
the size structure of lake fish assemblages may respond to future environmental change. 
 
2 Objectives 
Regarding to the current knowledge gaps and relating to the two primary objectives of this thesis (cf. 
introduction, Figure 1), the first methodological approach analysed how the quality of anglers’ 
catches reflected abiotic lake characteristics (paper I), and tested the correspondence between fish 
catches obtained from different scientific active and passive sampling methods (multi-mesh 
gillnetting, trawling and hydroacoustics; papers II & III, Figure 1a). The second, size-related approach 
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aimed to investigate differences in the size structure of lake fish assemblages across a small 
geographical scale (northern Germany, paper IV) and across a large geographical scale (eight 
European countries, paper V), both along gradients of biotic and abiotic factors (Figure 1b). 
Specifically, the five research objectives relating to the five papers of this thesis were:  
 
I) To test whether variations in angling catch data reported in diaries for a series of lakes 
reflect fundamental lake characteristics related to lake morphometry and trophic status, 
and to which degree angling catch data were influenced by individual angler attributes. 
 
II) To test the correspondence between relative fish biomass estimates from catches in 
benthic multi-mesh gillnets and absolute area-related fish biomass estimates derived 
from vertical downward-looking hydroacoustics (thus comparing passive and active types 
of sampling gear). 
 
III) To compare absolute abundance estimates of pelagic coregonid-dominated fish stocks 
derived from vertical downward-looking hydroacoustics and pelagic trawl sampling, 
taking sampling depth and size of fish caught into account (thus comparing two active 
types of sampling gear). 
 
IV) To test the applicability of several size metrics derived from benthic and pelagic multi-mesh 
gillnet catches as a tool to elucidate systematic shifts in lake fish assemblages along 
environmental (lake morphometry, trophic status, taxonomic and functional fish 
assemblage composition) and lake-use intensity gradients (a small-scale study). 
 
V) To analyse the biogeographic heterogeneity in the size structure of European lake fish 
assemblages based on benthic multi-mesh gillnet catches across large ranges of abiotic 
lake characteristics (geographic location, morphometry, trophic status) and differences in 
fish assemblage composition (a large-scale study). 
3 Methods and datasets 
The first study (paper I) was based on fish catch data reported from recreational anglers. All other 
studies analysed fish catch data obtained from scientific samplings using multi-mesh gillnets (papers 
II, IV & V), vertical hydroacoustics (papers II & III) and trawls (paper III). 
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3.1 Sampling fish in lakes 
3.1.1 Recreational angling 
Angling data of perch catches were collected as part of a telephone-diary-mail study aimed to assess 
the annual fish landings by anglers in northern Germany (Dorow & Arlinghaus 2011). Specifically, 
randomly recruited anglers fishing regularly in the German state of Mecklenburg Vorpommern were 
asked to report detailed information from their fishing trips in angling diaries over the course of one 
year. These diaries included information on the fishing location (water body), targeted species, 
angling method, bait type, overall and method- and species-specific effort (hours spent fishing), 
species-specific catch and harvest and the size of the largest fish harvested of a given species. Fishing 
equipment (i.e. the use of rod and reel types and natural vs. artificial bait types) was not 
standardised and differed among the anglers and water bodies. Angler-specific attributes included 
fishing skills such as angling experience (in years) and self-rated target species preferences such as 
predatory or non-predatory fish. Paper I incorporates data from lake fishing trips targeting perch for 
at least some fraction of the fishing trip. Perch catches (CPUE data), as well as the largest size of 
perch per trip harvested for 143 resident anglers targeting perch in 21 natural lakes in Mecklenburg 
Vorpommern, were analysed. The CPUE data and size of perch harvested were analysed for 
environmental lake characteristics (morphometry, trophic status, water transparency), angling skills 
and angling season.  
3.1.2 Scientific fish sampling 
3.1.2.1 Multi-mesh gillnets 
Most data analysed in this thesis were derived from fish catches in standardised multi-mesh gillnets 
(papers II, IV & V). The European standard protocol EN 14757 for sampling fish in lakes with NORDIC 
multi-mesh gillnets (CEN 2005) involves a stratified random sampling design. Lakes are divided into a 
maximum of eight depth strata (0-2.9 m, 3-5.9 m, 6-11.9 m, 12-19.9 m, 20-34.9 m, 35-49.9 m, 50-
74.9 m and depths ≥ 75 m) ideally representing approximately equal volumes of water. Depending on 
lake area and maximum depth, predetermined numbers of benthic gillnets are set at different depth 
strata with random positioning and angles of the nets relative to the shoreline. Sampling efforts (i.e. 
the number of nets) ranged typically between eight gillnets per night up to 64 gillnets per night in 
deep and large lakes with surface areas of approximately 5 000 hectares. In small lakes (< 50 
hectares) and in countries with low acceptance of gillnet sampling (e.g. U.K.), however, gillnet effort 
was reduced. To maximise catch efficiency of the nets, sampling should take place between late 
summer and early autumn before the usual reduction of epilimnion water temperatures to below 
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15°C (cf. Linløkken & Haugen 2006; Dennerline et al. 2012). During late summer and early autumn 
most European freshwater fish do not spawn or aggregate and young-of-the-year fish are large 
enough to be caught by the smallest mesh sizes. Gillnets are set overnight for approximately twelve 
hours to ensure that the activity peaks of many species during dusk and dawn are included (Vašek et 
al. 2009; Prchalová et al. 2010).  
Two types of nets (benthic net and pelagic nets) are used in the standardised fish samplings. Benthic 
multi-mesh gillnets are made of non-coloured monofilament nylon, are each 30 m long and 1.5 m 
deep (=45 m2), and consist of 12 panels of 2.5 m each with mesh sizes ranging from 5 to 55 mm knot 
to knot (bar mesh size). Thread diameters are 0.10 mm (5-8 mm meshes), 0.12 mm (10 & 12.5 mm 
meshes), 0.15 mm (15.5 & 19.5 mm meshes), 0.17 mm (24 & 29 mm meshes), 0.20 (35 & 43 mm 
meshes) and 0.25 mm (55 mm mesh). The order of mesh sizes followed the theory of a geometric 
series (Regier & Robson 1966) with an almost constant ratio between two adjacent different mesh 
sizes of approximately 1.25 (Figure 2).  
 
 
            Figure 2: Schematic view of a benthic multi-mesh gillnet 
As all fishing gears, also the NORDIC type of multi-mesh gillnets is species- and size-selective 
(Prchalová et al. 2008; 2009). Specifically, abundances of small fish up to 10 cm long are 
underestimated (Olin & Malinen 2003; Olin et al. 2009; Prchalová et al. 2009). Small fish generally 
move less and are consequently less effectively caught by passive stationary gillnets. Furthermore, 
small fish are less frequently retained by meshes due to their slower swimming speed and the lower 
flexibility of the smallest meshes, which is caused by the small ratio between thread diameter and 
mesh size (Hamley 1975). Selectivity curves and correction factors were developed for the NORDIC 
type of multi-mesh gillnets for a few widespread fish species populating European lakes (Kurkilahti et 
al. 1998; Finstad et al. 2000; Prchalová et al. 2009). However, existing selectivity curves cannot be 
extrapolated beyond the length range of the fish for which they were originally fitted (Kurkilahti & 
Rask 1996). Gillnet catches were thus not corrected for species and size selectivity (papers II, IV & V). 
In order to reduce the size selectivity for small fish, individuals < 8 cm total length were excluded 
from the catches (papers IV & V). This exclusion furthermore minimises potential bias in the size 
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structure caused by variations in the recruitment success of fish and differences in sampling time 
and, hence, the length of effective growing season of juvenile fish.  
According to the European standard, deep lakes with maximum depths greater than ten meters 
should additionally be sampled by pelagic multi-mesh gillnets (CEN 2005). Pelagic nets consist of the 
same material and order of mesh panes as the benthic ones, but lack the 5 mm mesh panel. Pelagic 
nets are 27.5 m long and 6 m deep (= 165 m2), and are deployed as a single vertical row from the lake 
surface to the bottom at the deepest lake part. The sampling effort associated with pelagic nets is 
fixed, and depends only on the maximum lake depth and not on lake area or volume. Catches from 
pelagic gillnets were only included in the small-scale study (paper IV) because they were not 
consistently used among the European countries (papers II & V are based on catches from benthic 
nets only).  
3.1.2.2 Trawling 
Pelagic fish samplings using a midwater otter trawl (Figure 3) were performed in two oligo-
mesotrophic lakes in northern Germany over a period of four years (paper III). The two deep lakes (> 
20 m mean depth) are populated with pelagic fish assemblages dominated by coregonids (Coregonus 
ssp.).  
 
 
            Figure 3: Schematic view of the otter trawl used to sample coregonids 
 
Trawling was conducted in the open water overnight at four different depths between approximately 
12 and 32 m. Absolute pelagic fish biomass estimates calculated from the trawl catches were 
compared with absolute fish biomass estimates and the size distribution of fish sampled by 
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simultaneously operating hydroacoustics (cf. 3.1.2.3). Furthermore, fish abundances separated into 
four size classes were compared along the depth gradient between the two types of active sampling 
gear. 
3.1.2.3 Hydroacoustics 
Hydroacoustic data were collected by vertical mobile hydroacoustics using downward-looking split-
beam echosounders (papers II & III). Only data from night-time fish samplings were analysed. The 
survey design was comparable among the 20 lakes (18 lakes paper II; 2 lakes paper III), and consisted 
of non-overlapping parallel transects crossing the deeper lake parts. Post processing of the 
hydroacoustic data was done using the Sonar 5Pro Software, version 5.9.7 (Balk & Lindem 2007, 
paper III) and version 6.01 (Balk & Lindem 2011, paper II). 
A SIMRAD EY-60 split-beam echo sounder (operating at a frequency of 120 kHz) was used to sample 
the pelagic coregonid populations of two lakes in northern Germany (paper III) (cf. 3.1.2.2). Data 
from vertical hydroacoustics (and catches from benthic multi-mesh gillnets; cf. 3.1.2.1) were 
compiled from 18 natural lakes located in seven European countries (paper II). All lakes were 
sampled by hydroacoustics on dates close to the time period of gillnet sampling. Hydroacoustic 
equipment by different manufacturers (SIMRAD, Simrad Kongsberg Maritime AS, Norway and 
BIOSONICS, Biosonics Inc., U.S.A.) with slightly different technical settings (sound frequency, pulse 
duration, sample interval, transmission power) were used. It has been shown that parameters lying 
within the range of the study (paper II) produce unbiased fish biomass estimates (Guillard et al. 
2004; Godlewska et al. 2009; 2011). Fish biomass estimates were compared between the active 
(hydroacoustics) and passive type (gillnets) of sampling gear. Separate analyses were conducted in 
different depth strata a priori defined according to the gillnet standard (CEN 2005) and for several 
fish-length thresholds to account for the size selectivity of the gillnets (cf. 3.1.2.1). 
 
3.2 Size structure of lake fish assemblages 
Several size-based approaches have been developed to analyse the size structure of aquatic 
organism assemblages (e.g. Sheldon et al. 1972; Vidondo et al. 1997; Quintana et al. 2008). A strong 
research focus has been set on the analysis of zooplankton and phytoplankton size spectra (Sprules & 
Munawar 1986; Gaedke 1992; De Eyto & Irvine 2007) and studies analysing the consequences of 
commercial fisheries on the size structure of marine fish stocks (Pope & Knights 1982; Murawski & 
Idoine 1992; Rochet & Trenkel 2003). The size structure of freshwater fish in lakes has been less 
intensively studied (but see Holmgren & Appelberg 2000; De Leeuw et al. 2003). 
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Papers IV & V followed a non-taxonomic size approach (cf. Damuth 1992), where body size of 
individual fish was analysed independently of taxonomy. A taxon-free approach is advantageous to 
large-scale, comparative approaches where structural assemblage properties are analysed and many 
species are replaced by others along the biogeographic gradients. However, taxonomic (e.g. species 
richness, species composition) and functional (e.g. predatory fish, prey fish) fish assemblage 
characteristics were included as co-variables to test the effects of differences in species composition 
and predator-prey interactions on size structure. Variations of several size metrics calculated from 
individual fish lengths and fish weights were related to the variability of abiotic and biotic lake 
descriptors. 
In total, the size structure of fish catches from 707 lakes sampled by standardised multi-mesh gillnets 
(cf. 3.1.2.1) were analysed (papers IV & V, Figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
These lakes, distributed across eight European countries, covered a latitudinal range of 28° and a 
longitudinal range of 35°. High-resolution datasets included information on relative abundances of 
local fish species as well as individual measures of body size, and were available for all lakes. Fish 
catches were combined with a set of lake descriptors related to lake morphometry, lake use-
Figure 4: Geographical distribution of the 707 lakes across eight 
European countries (grey-coloured) whose fish assemblages, sampled 
with multi-mesh gillnets, were analysed for differences in size 
structure 
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intensity, lake productivity, geographic location and differences in taxonomic and functional fish 
assemblage composition. 
In the small-scale study (paper IV) fish catches in benthic and pelagic multi-mesh gillnets from 78 
lowland lakes in northern Germany were analysed. The lakes are located in the European Central 
Plains ecoregion (according to Illies’ ecoregions classification for rivers and lakes, Illies 1978) which is 
characterised by moderately continental climatic conditions (Figure 5). The lakes strongly differed in 
size (area, depth) and trophic status, ranging from oligotrophic to hypertrophic lakes. A total of 17 
abiotic and biotic descriptors related to lake morphometry, lake productivity, lake-use intensity and 
taxonomic and functional fish assemblage composition were available.  
 
 
 
 
 
 
The large-scale study (paper V) included fish catches of 701 lakes (including 72 lakes from the 
northern-German dataset) sampled by benthic multi-mesh gillnets. The lakes were selected from a 
European lake database compiled within the WISER project (Water bodies in Europe - Integrative 
Systems to Assess Ecological status and Recovery, cf. Caussé et al. 2011). For further database 
Figure 5: Geographical distribution of the 78 northern German lakes 
located in the European Central Plains ecoregion (shaded area) whose 
fish assemblages, sampled with benthic and pelagic multi-mesh 
gillnets were analysed for differences in size structure (small-scale 
study). Ecoregion definition following Illies (1978) 
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information see Schmidt-Kloiber et al. (2012) and the WISER web page (http://www.wiser.eu 
/results/metadatabase/). The lakes were located in eight European countries across twelve 
ecoregions (Illies 1978) with fundamentally different climates representing a gradient from 
subtropical to subpolar climates (Figure 6). Ranges of morphometric and trophic lake variables were 
larger than those in the small-scale study (paper IV). Variability in the size structure of the 701 lake 
fish assemblages was analysed along gradients of lake location, lake morphometry, trophic status 
and differences in fish assemblage composition. 
 
 
 
 
 
 
 
 
 
 
 
 
4 Main results 
4.1 Sampling fish in lakes 
The studies analysing the quality and correspondence of fish catch data obtained from four types of 
sampling gear showed very different results. Variations in perch catches by recreational rod-and-reel 
angling (paper I) were strongly affected by individual angler attributes such as fishing skill, fishing 
experience and bait type. Anglers with a high level of fishing experience, and who specialised in 
Figure 6: Geographical distribution of the 701 European lakes across 
twelve ecoregions whose fish assemblages, sampled with benthic 
multi-mesh gillnets, were analysed for differences in size structure 
(large-scale study). Ecoregions definitions following Illies (1978) 
 
1   Tundra                           
2   Fenno-Scandian                      
     Shield 
3   Borealic Uplands 
4   Baltic Province 
5   Central Plains 
6   Great Britain 
7   Central Highlands 
8   Western Highlands 
9   Western Plains 
10 Alps 
11 Pyrenees 
12 Italy, Corsica, Malta 
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catching predatory fish such as perch, pike (Esox lucius L.) and pikeperch, caught more and larger 
perch than less experienced anglers, and anglers primarily targeting non-predatory fish such as carp 
(Cyprinus carpio L.), bream and roach. The size of perch harvested was mainly influenced by bait 
type. Natural baits caught generally larger perch than artificial baits. The variability in anglers’ perch 
catches furthermore weakly reflected abiotic lake characteristics, relating primarily to the trophic 
status of the lakes. Specifically, higher perch catch rates and larger individuals were observed in 
oligotrophic lakes and in lakes of intermediate water transparency. Lake morphometry (area, depth) 
had no significant influence on catch rate and size of perch caught by anglers.  
Analyses of fish catch data from scientific samplings (papers II & III) provided fundamentally new 
results which are relevant for the selection of types of sampling gear and for the planning of survey 
designs to sample lake fish. The comparison of relative catches from benthic multi-mesh gillnets and 
absolute fish biomass estimates from vertical hydroacoustics is among the first studies conducted 
across a series of lakes that demonstrates a significant relationship between fish catches obtained 
from passive and active types of sampling gear (paper II). Relative fish biomass estimates (CPUE data) 
calculated from the multi-mesh gillnet catches were significantly log-linear correlated with absolute 
fish biomass estimates (kg ha-1) obtained from vertical hydroacoustics when very deep lakes (> 30 m 
mean depth) were excluded. The strength of correlation was independent of the fish length 
thresholds applied, but varied across different depth strata. The strongest correlation was observed 
by combining the fish biomass estimates at shallow depth strata. The correspondence between fish 
biomass estimates from the two types of sampling gear decreased with increasing lake depth. An 
ordinary least square (OLS) regression to predict absolute lake-wide fish biomass from relative gillnet 
catches (CPUE data) indicated a reduced reliability at high fish densities. An additional OLS regression 
line was calculated to predict the absolute fish biomass from gillnet catches at shallow depth strata, 
and this indicated that lake fish biomass was likely underestimated by vertical downward-looking 
hydroacoustics. 
Fish catches obtained from two types of active fishing gear may produce similar absolute fish 
abundance estimates (paper III). Areal biomass estimates of pelagic coregonid-dominated fish 
assemblages sampled with trawls and vertical downward-looking hydroacoustics were comparable 
and did not differ significantly from unity. Depth- and size-specific comparisons revealed significant 
differences between both gears. Specifically, with increasing fishing depth of the trawl a trend for 
higher fish abundance estimates was detected by the trawl. Abundances of very small and very large 
fish were underestimated by the trawl relative to the abundance estimates of these size classes 
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obtained from hydroacoustics. The trawl used to sample pelagic fish in two deep coregonid-
dominated lakes (paper III) efficiently caught coregonids with total lengths between 6.5 and 17.5 cm. 
4.2 Size structure of lake fish assemblages 
The size metrics calculated from fish catches in multi-mesh gillnets characterised specific 
components of the overall size structure of lake fish assemblages including average size, size 
diversity, maximum size and the ratio between small and large fish (papers IV & V). Variability of the 
size metrics significantly corresponded to variations in abiotic and biotic descriptors of European 
lakes and their fish assemblages. However, the relative influence of abiotic and biotic factors differed 
depending on the spatial scale of the study. 
Variability in the size structure of lake fish assemblages at a small geographical scale, based on fish 
samplings of 78 lakes located in northern Germany (paper IV) was significantly correlated with 
differences in lake morphometry (area, depth), trophic status (total phosphorous and chlorophyll a 
concentrations) and functional fish assemblage descriptors (predator abundance, predator-prey 
length ratio (PPLR)). Fish assemblages in large, deep and less nutrient-rich lakes with high predator 
abundances and large PPLR were characterised by a higher proportion of large fish and larger 
maximum-sized fish. In contrast, shallow nutrient-rich lakes with few predators and a low PPLR were 
characterised by more medium-sized fish. No variable related to the lake-use intensity (fishing 
pressure, shoreline modification, intensity of recreational activities) significantly corresponded to 
variations in the size metrics.  
Across a large geographical scale, based on fish samplings of 701 European lakes (paper V), lake 
temperature as determined by lake location (i.e. elevation, latitude) and lake area were the primary 
abiotic variables to account for differences in the size structure of fish assemblages. Lake productivity 
had a very weak influence on variation in the size structure in this large-scale dataset. On average, 
larger fish were observed at higher-elevation lakes in northern and southern Europe. Large lakes 
were populated by the largest maximum-sized fish. Species shifts along the elevation gradient and 
latitudinal gradient generated two types of fish assemblages which fundamentally differed in their 
size structure. A surprisingly high homogeneity was observed in the size structure of fish assemblages 
in European lowland lakes dominated by coolwater and warmwater fish such as perch and roach 
(Figure 7). In these lakes small, juvenile fish were dominant. Significantly higher relative proportions 
of large fish were observed in lakes whose fish assemblages were dominated by coldwater 
salmonids. These lakes were mainly located at higher-elevation sites in northern and southern 
Europe (Figure 7). 
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5 Discussion 
5.1 Sampling fish in lakes 
Catches by recreational angling (using perch as a model species) were strongly affected by individual 
angler attributes. The increase in fishing success (i.e. a higher CPUE) with increasing angling 
experience, outlined in paper I, has already been reported elsewhere (McConnell et al. 1995; 
Arlinghaus & Mehner 2003) and reflects that increasing skill levels are required to catch many and/or 
certain types of fish (e.g. predatory fish, non-predatory fish). Beardmore et al. (2011) demonstrated a 
similar positive correlation of angling experience and CPUE. Trophy anglers with meanly about 24 
years of fishing experience exhibited the highest catch rates and retained, on average, larger fish 
than other angler groups. The size of perch captured was less controlled by the anglers which was 
indicated by the poor predictive power of the model on variation in the size of perch harvested by 
Figure 7: Classification of fish assemblages of the 701 European lakes 
according to their dominant thermal guild (large filled circles: 
coldwater fish; small empty circles: coolwater fish; small filled circles: 
warmwater fish)  
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anglers. Likewise, Wilde & Pope (2004b) reported a very low probability of anglers to catch record-
sized fish. Size of perch harvested in the 21 natural lakes located in Mecklenburg Vorpommern, 
Germany (paper I) was primarily influenced by bait type. Natural baits tended to catch larger perch. 
Large and more experienced perch are thus likely more susceptible to natural baits. It has been 
demonstrated that repeatedly fishing with artificial baits reduces the catchability of piscivorous fish, 
whereas catch rates with natural baits do not decrease to lower levels (Beukema 1970; Kuparinen et 
al. 2010). Avoidance of artificial baits through learning over time especially for visually foraging fishes 
such as perch (Diehl 1988), may be more pronounced in large individuals. Variation in anglers’ catch 
rates only weakly reflected differences in the lake trophic status and water clarity. In line with 
expectations and supporting empirical findings on perch population size in lakes, higher perch catch 
rates were observed in lakes with low nutrient concentrations and high to medium water 
transparencies. Perch is often the most dominant species in such lakes (Jeppesen et al. 2000; Olin et 
al. 2002; Radke & Gaupisch 2005). Furthermore, the largest perch were caught in oligotrophic lakes 
with higher water transparencies. Such nutrient-poor lakes are typically populated by a greater 
number of large-sized fish (cf. paper IV). 
The strong effect of individual angler attributes related to fishing skills and bait choice on catch rate 
and size of perch caught by rod-and-reel recreational angling suggests only a limited utility of anglers’ 
catch data to compare fish stocks across a series of lakes. The reliability of such data depends 
strongly upon which angler type is reporting the data. For single lakes angling catch data may reliably 
detect changes in structure and size of fish stocks if fishing pressure and angler types reporting the 
data are comparable between years (Gerdeaux & Janjua 2009). To improve between-lake 
comparability of angler catch data additional information on lure/bait size, which was not recorded 
in this study (paper I) may improve a quality assessment of angler catch data. Lure size can strongly 
affect size of fish caught, and small fish are typically less often caught with large lures (Wilde et al. 
2003; Arlinghaus et al. 2008). Information of total angling pressure and fishing effort (e.g. hours of 
fishing per hectare per year, cf. Mosindy et al. 1987) and knowledge about the angler types who are 
reporting the data could further aid the interpretation of angling catch data and may improve 
comparability of such data among several water bodies. 
Catch data from scientific samplings can adequately characterise lake fish assemblages and different 
types of sampling gear can produce comparable estimates of fish abundance. Fish biomass estimates 
obtained from passive and active types of fishing gear can significantly corresponded to each other 
(paper II), yet a correspondence between relative and absolute fish abundance estimates was 
generally weak (e.g. Peltonen et al. 1999; Prchalová et al. 2012; Dennerline et al. 2012). Olin et al. 
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(2009) has demonstrated a significant correlation between relative fish abundance estimates derived 
from gillnets and absolute fish abundance estimates obtained from trawling when small fish were 
excluded from analyses. Likewise, Mehner & Schulz (2002) reported a significant correlation between 
fish abundance estimates from gillnets and vertical hydroacoustics when fish from the lower and 
upper end of the size spectrum were excluded. However, it remains questionable whether results 
from case studies conducted at single lakes could allow for general conclusions which could be 
applied to other lakes with different abiotic and biotic conditions.  
A weak correspondence of fish abundance estimates between multi-mesh gillnets and vertical 
hydroacoustics is particularly apparent in deep lakes (Jurvelius et al. 2011), even when fish samplings 
are conducted across a series of lakes of comparable trophic status (Achleitner et al. 2012). This weak 
relationship is primarily due to a decreased precision of abundance estimates for pelagic fish from 
gillnets (cf. Deceliere-Vergès et al. 2009; Achleitner et al. 2012). Such fish are, however, reliably 
detected by vertical downward-looking hydroacoustics. The good correspondence between relative 
and absolute biomass estimates from gillnet catches and hydroacoustic fish detections, 
demonstrated in paper II, is explained by the size of the underlying dataset, along with fish sampling 
details and subsequent data analyses (described below).  
Firstly, the study represents one of the largest datasets of stratified lakes (n = 18) sampled by multi-
mesh gillnets and vertical hydroacoustics ever compiled. The lakes covered large gradients of area, 
depth, trophic status and fish productivity. Due to the large sample size it was possible to treat entire 
lakes (rather than several or even single gillnets and hydroacoustic transects within a lake, cf. 
Dennerline et al. 2012) as a single sample unit. By averaging catch data from multiple gillnets and 
hydroacoustic transects, one improves the comparability of fish samplings between lakes (cf. Van 
Den Avyle et al. 1995). This is due to the substantial reduction in reliance on fish catch data from 
individual gillnets and hydroacoustic transects, which can be highly variable both horizontally (area) 
and vertically (depth) (Vondracek & Degan 1995; Vašek et al. 2009; Deceliere-Vergès et al. 2009). 
Secondly, fish assemblages were sampled by both gear types at dates close to each other. The 
standing crop and the distribution of fish in lakes can vary in the course of a year (Vijverberg et al. 
1990; Winfield et al. 2007; Bobori & Salvarina 2010). Consequently, weaker correspondence in fish 
catches is observed when samplings are conducted using different gear types at different seasons (cf. 
Achleitner et al. 2012). Thirdly, this study estimated total fish biomass and not numerical fish 
abundance. Total biomass is a less variable descriptor than numerical abundance, since very small 
fish (which are abundant but have only small individual masses) and very large fish (which have a 
high individual mass but are rarer) are both only minor contributors to the overall biomass of lake 
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fish assemblages. The standing crop of fish stocks is typically primarily composed of intermediate-
sized fish (De Leeuw et al. 2003). 
These encouraging results from the comparison of an active and a passive type of sampling gear, 
outlined in paper II, support the more frequent application of vertical hydroacoustics to quantify fish 
biomass in stratified lakes. Gillnetting should be limited to inventory sampling, i.e. collecting ground-
truth data rather than calculating relative fish abundances (CPUE data), when fish assemblages being 
sampled by contemporarily operating hydroacoustics. Ground-truth data from a reduced set of 
gillnets can supplement the hydroacoustic data by providing information on fish assemblage 
composition, fish condition, size and age structure (McClatchie et al. 2000; Dennerline et al. 2012). 
The comparison of catches from benthic multi-mesh gillnets and fish detected by vertical 
hydroacoustics (paper II) supported findings from previous studies which demonstrated that deep 
lakes with separate pelagic-dwelling salmonids such as coregonids, trouts (Salmo trutta ssp.) and 
charr are not adequately sampled by benthic and pelagic multi-mesh gillnets, independently of 
whether the European standard EN 14757 (CEN 2005) or a higher sampling effort was applied 
(Deceliere-Vergès & Guillard 2008; Jurvelius et al. 2011; Achleitner et al. 2012). According to 
Degermann (1988), 16 pelagic gillnets per depth stratum should result in a comparable degree of 
accuracy for relative fish abundance estimates as is provided by benthic nets. However, such a high 
sampling effort is laborious and expensive, and one cannot exclude the possibility of a significant 
reduction of fish stocks due to the high fish mortality in gillnets (cf. 1.1.2). Although a regression line 
was developed to roughly estimate absolute lake fish biomasses from relative gillnet catches (paper 
II), this regression line cannot be used to predict fish biomass from gillnet catches in very deep lakes, 
as it was developed with data from moderately deep lakes with no large stocks of pelagic-dwelling 
fish. 
Pelagic fish stocks in deep lakes can be efficiently sampled using trawls (paper III). Trawling may 
provide absolute fish biomass estimates comparable to those obtained by vertical hydroacoustics if 
the survey design, sampling techniques and data analyses are sufficiently developed (cf. Yule et al. 
2009). When samplings are simultaneously conducted within the same habitat, the biomass 
estimates of pelagic fish can be reliably estimated from different types of active sampling gear. A 
weak correspondence between trawl catches and hydroacoustic fish abundance estimates with 
substantially lower fish abundances calculated from the trawl catches has been reported elsewhere 
(Mason et al. 2005; Jurvelius et al. 2005; Stockwell et al. 2007). The equal or even higher fish 
abundances calculated from trawl catches of pelagic coregonids from two deep lakes (paper III) can 
be explained by technical features of the trawl operation. The otter trawl (Figure 3) was lifted at boat 
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speeds comparable to the speed of the towing runs of the net. This technique should reduce the 
chance for fish to escape from the trawl during lifting, as is often observed when a vessel stops 
(Schmidt 2009). The high net speed during lifting, however, likely led to additional fish catches by the 
trawl. This resulted in higher fish biomass estimates, particularly from deep depth layers, compared 
to hydroacoustically obtained fish abundances for these layers. Furthermore, size-selective 
constraints of trawls at the lower and upper end of the fish size spectrum are relevant to the analysis 
of fish size structure and estimates of fish biomass (cf. Mason et al. 2005; Říha et al. 2012). Very small 
and very large fish are not efficiently caught by trawls, because very small fish escape through the 
meshes (Suuronen et al. 1995; Mous et al. 2002) and very large fish avoid and escape the trawl due 
to their higher swimming speed (Schmidt 2009; Rakowitz et al. 2012). These size-selective constraints 
must be taken into account when sampling fish with trawls. 
 
5.2 Size structure of lake fish assemblages 
Substantial variation was observed in the size structure of European lake fish assemblages sampled 
by standardised multi-mesh gillnets. Non-taxonomic size metrics can be used for an identification of 
systematic variations in the size structure of lake fish assemblages along biotic and abiotic gradients 
at both small (paper IV) and large (paper V) geographical scales. However, the relative importance of 
abiotic lake characteristics and biotic factors is scale-dependent. 
Neither at a small scale (paper IV) nor at a large scale (Emmrich et al. 2012) significant influence of 
variables relating to the anthropogenic effects of shoreline modifications, and variables 
characterising lake-use intensity for recreation was observed. All variables on lake-use intensity and 
variables related to the impact of manmade structures were categorical in these studies. Categorical 
data are obviously insensitive to changes in the size structure of lake fish assemblages at least when 
their effects are tested together with a set of continuous variables in the same analysis (cf. Mehner 
et al. (2005) for a comparable weak effect of categorical lake-use intensity data on lake fish 
assemblage composition). Alternatively, the degree of anthropogenic disturbances is too weak in the 
European lakes analysed. Lakeshore ecotones of many north American lakes have experienced a 
much higher degradation by manmade structures and recreational activities, and strong effects on 
fish assemblage composition and the spatial distribution and growth of fish have been observed in 
these systems (Jennings et al. 1999; Schindler et al. 2000; Scheuerell & Schindler 2004). 
The small- and the large-scale study both indicated that lake area is an important variable in 
determining the number of large fish sizes and the maximum fish size in lakes (cf. Holmgren & 
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Appelberg 2000; Wilde & Pope 2004a). Specifically, more large fish and larger maximum-sized fish 
were observed in large lakes (papers IV & V). Lake size determines food chain length in lakes (Post et 
al. 2000), supporting more and higher trophic levels and thus larger top predators in large lakes. 
Additionally, fish in large lakes might be less vulnerable to fisheries (Wilde & Pope 2004a) supporting 
a longer life span and consequently a larger maximum size. 
Lake trophic status was an important predictor of variability in the size structure of lake fish 
assemblages at a small geographical scale (northern Germany, paper IV). However, across the large 
European scale (paper V) the trophic status explained almost no variability in the size structure of 
lake fish, although the large-scale dataset covered the full productivity gradient from ultra-
oligotrophic to hypertrophic lakes. The lake trophic status is closely linked with lake depth and 
geographic location (Nõges 2009), which in turn determine lake temperature (Efremova & Palshin 
2007). The small-scale study which only included lakes located in the Central Plains ecoregion (paper 
IV) was characterised by similar climatic conditions (cf. 3.2, Figure 5). Variability in the trophic status 
of lakes clearly affects the size structure of fish more strongly than the less pronounced climatic 
variability at this scale. By contrast, at a large geographical scale which covers subtropical to subpolar 
climates (paper V, Figure 6), lake temperature, characterised by the geographic location (elevation, 
latitude), was the main abiotic factor explaining variability in size structure between European lake 
fish assemblages. However, increases in nutrient concentration and temperature both had the same 
directional affect on the size structure of lake fish. Fish assemblages in nutrient-poor and in 
coldwater lakes were characterised by a higher relative proportion of large fish. Empirical evidence 
from recent studies indicates temperature as a more important factor than lake productivity to 
shape size structure of lake fish assemblages (Jeppesen et al. 2010; 2012). At comparable or even 
reduced nutrient concentrations, warmwater lakes exhibit higher fish densities (particularly for small-
sized individuals) than coldwater lakes (Jeppesen et al. 2010). The results of paper V support the 
temperature-size rule which predicts a smaller body size for ectothermic animals at higher 
temperatures (Atkinson 1994). 
Biotic variables, especially those relating to the functional classification of fish into feeding guilds 
(paper IV) and thermal guilds (paper V) were found to play an important role in the study lakes. High 
predator abundances resulted in a greater number of large fish in an assemblage, and a dominance 
of small-sized and medium-sized fish was observed at high predator biomasses and in situations of 
small predator-prey-length ratios. This suggests a limited regulatory impact of predators on their 
prey in the northern German lakes (cf. Mehner 2010). Species shifts along distinct elevation and 
latitudinal gradients generated two types of fish assemblages in European lakes which fundamentally 
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differed in their size structure (paper V). The size structure of lowland lake fish assemblages 
dominated by eurythermic coolwater and/or eurythermic warmwater fish (mainly percids and 
cyprinids) differed substantially from the size structure of fish assemblages dominated by 
stenothermic coldwater fish (salmonids) which primarily populate lakes at higher-elevation sites in 
northern and southern Europe. The major shift in size structure of lake fish assemblages with 
increasing elevation and decreasing temperature was accompanied by a switch in the dominant life-
history strategy from a periodic strategy of fish in cool- and warmwater lakes to more of an 
equilibrium life-history strategy of fish populating coldwater lakes (cf. Winemiller & Rose 1992; Vila-
Gispert & Moreno-Amich 2002). The periodic life-history strategy is characteristic for fish such as 
perch and roach which mature early, have a low fecundity and a small adult size (Vila-Gispert & 
Moreno-Amich 2002). By contrast, larger-sized salmonids such as brown trout and charr, classified as 
species with a life-history strategy closer to the equilibrium type (Winemiller & Rose 1992) mature 
later, have a higher fecundity and a larger adult size.  
The population size structure of coolwater perch and warmwater roach (and other warmwater fish) 
were similar and typically dominated by small-sized individuals. However, they fundamentally 
differed from the population size structure of coldwater salmonids which were typically dominated 
by larger-sized fish. Accordingly, a switch from cyprinid- and/or percid-dominated assemblages to 
salmonid-dominated assemblages is accompanied by a strong shift in size structure towards larger 
fish in salmonid-dominated systems. This suggests that fish assemblages dominated by coolwater 
and/or warmwater species are relatively robust against environmental modifications and a shift in 
the relative abundance of coolwater and warmwater fish will not likely result in a strong shift in their 
size structure. In contrast, coldwater fish assemblages at higher elevation lakes may suffer dramatic 
consequences from global warming, for instance, as predicted species shifts towards more 
eurythermic species (Reist et al. 2006; Heino et al. 2009; Jeppesen et al. 2010) are likely to be 
accompanied by substantial shifts in assemblage size structure. The empirical findings of the large-
scale study (paper V) can be relevant to predict changes in the size structure of European lake fish 
assemblages to future climate change. How shifts in the size structure affect ecosystem organisation 
is an important topic for future research (Parmesan 2006; Dossena et al. 2012) 
 
6 Conclusions 
Non-standardised catch data from rod-and-reel recreational angling are of limited quality for the 
characterisation of, and comparison between fish stocks across a series of lakes. The reliability of the 
data will strongly depend upon which angler type is reporting the data. Vertical downward-looking 
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hydroacoustics is an adequate and efficient method for the quantification of fish biomass in stratified 
lakes. Survey designs combining hydroacoustics and limited gillnetting at sampling dates with short 
time intervals, the latter for inventory sampling only (i.e. collecting ground-truth information for the 
apportionment of species data to hydroacoustic data) rather than CPUE calculations, are a cost-
effective strategy for sampling lake fish assemblages. Trawling should be more frequently applied in 
very large and deep lakes, and in lakes with large pelagic fish stocks to quantify pelagic fish biomass 
and/or to aid with the interpretation of hydroacoustic data as a source of ground-truth information.  
Non-taxonomic size metrics calculated from fish catches in standardised multi-mesh gillnets can be 
used to identify systematic variations in the size structure of European lake fish assemblages along 
abiotic and biotic gradients at both small and large geographical scales. Lake morphometry and lake 
productivity together with the size and abundances of piscivorous fish determine lake fish 
assemblage size structure at small geographical scales. Differences in the environmental temperature 
of the fish, described by elevation and latitude of the lake in which fish was caught had the largest 
influence on differences in the size structure at a large geographical scale. Fish assemblages of 
lowland lakes which are dominated by coolwater and/or warmwater species are relatively robust 
against environmental modifications and a shift in the relative abundance of coolwater and 
warmwater fish will not likely result in a strong shift in their size structure. Fish assemblages in 
coldwater lakes which are typically dominated by larger-sized salmonids are likely subjected to 
substantial shifts in the size structure towards more small-sized individuals in consequence of future 
global warming. These empirical findings may support predictions of the response of lake fish 
assemblage structure to future anthropogenic disturbances and environmental changes. 
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Fisheries Management
and Ecology
Introduction
Recreational fishing is common throughout many
freshwater ecosystems in temperate regions. It therefore
represents a potentially valuable means to generate fish-
ery-dependent data to infer insights about changes in
fish populations (e.g. Lehtonen et al. 2009). Because a
routine sampling protocol with scientific methods is
often not possible in many recreational fisheries (Post
et al. 2002; Daedlow et al. 2011), catch records from
angler’s diaries (e.g. collected by clubs) are often the
only possibility to gather information on fish population
developments (Cooke et al. 2000; Mosindy & Duffy
2007). This, however, demands that angler catch per
unit effort (CPUE) is a reliable measure of fish popula-
tion abundance, which is not necessarily the case
(Erisman et al. 2011). Understanding how angling catch
rates vary with abiotic and general limnological vari-
ables is important to interpret available angling records
in the light of underlying population developments
(Kuparinen et al. 2010).
Eurasian perch, Perca fluviatilis L. a widespread fresh-
water species in Europe, is a targeted angling species in
many European countries such as Germany and Finland
(e.g. Arlinghaus & Mehner 2004; Vainikka et al. 2012).
Few studies on the catch aspects of Eurasian perch
angling exist (Beardmore et al. 2011; Vainikka et al.
2012; but see e.g. Isermann et al. 2005; Irwin et al.
2008; Wilberg et al. 2008 for studies on yellow perch,
Perca flavescens (Mitchill)), and there is no study that
has investigated how environmental variables, such as
lake morphometry, nutrient status and water transparency
or season influence perch catch rates in perch recrea-
tional angling.
It is likely that catch rates of perch vary among lakes
in relation to abundance of perch in line with prevailing
ecological conditions. In general, high abundances of
perch are found in relatively deep, vegetation-rich lakes
with high water transparency and low to moderate nutri-
ent concentrations (e.g. Persson et al. 1991; Jeppesen
et al. 2000; Olin et al. 2002; Mehner et al. 2005). One
would therefore expect catch rates of perch to peak
under these environmental conditions. Vulnerability to
angling is also related to individual behavioural traits
(Uusi-Heikkilä et al. 2008) such as boldness (Mezzera
& Largiadèr 2001). Perch activity correlates with nutri-
tional status and hunger levels (e.g. Borcherding &
Magnhagen 2008), predation risk (e.g. Bean & Winfield
1995) and temperature (Jacobsen et al. 2002). Thus,
angling catchability of perch might not only depend on
the lake’s nutrient status, size and morphometry, but
should also be influenced by other ecological factors,
such as food availability or season.
In most recreational fisheries, positively size-selective
exploitation is common (Lewin et al. 2006). This is the
result of angler preference for large fish (Arlinghaus &
Mehner 2003; Beardmore et al. 2011) and is further pro-
moted by common management measures such as mini-
mum length regulations (Arlinghaus et al. 2010).
Moreover, morpho-physical aspects play an important
role in the size selectivity as fish must be large enough to
ingest a certain size of bait or lure. Moreover, individuals
with higher growth potential and corresponding meta-
bolic demands were shown to be more risk-prone and
consume larger quantities of prey, and hence to be more
vulnerable to capture in recreational fishing (Cooke et al.
2007; Redpath et al. 2010). In some freshwater top pre-
dators, such as pike, Esox lucius L., sex-specific differ-
ences in individual growth and associated behavioural
differences were suggested to lead to a higher angling
vulnerability of faster-growing female individuals result-
ing in sex-biased exploitation (Casselman 1975). Sex-
specific growth differences also exist in Eurasian perch
(Le Cren 1958) suggesting that perch vulnerability, but
also the size of the perch angled, might be sex-depen-
dent. The size of perch in the catch of anglers should also
be connected to environmental variables because the size
structure of perch populations strongly depends on com-
petition and food availability connected to environmental
limnological factors (e.g. Persson 1983, 1987; Claessen
et al. 2000, 2002; Persson et al. 2004). A higher number
of large-sized perch can be found in nutrient-poor lakes
as the overall fish density and competition for food
resources are low, such that individual perch can more
easily reach the piscivorous stage (e.g. Jeppesen et al.
1997, 2000; Persson et al. 1998; Claessen et al. 2000)
avoiding stunted growth (Ylikarjula et al. 1999).
In addition to natural factors, catchability of fish by
anglers should also be correlated with a range of attri-
butes of the angler, such as skill and fishing experience
(e.g. McConnell et al. 1995; Arlinghaus & Mehner
2003), bait choice (Alós et al. 2009) or lure size (Wilde
et al. 2003; Arlinghaus et al. 2008). While a clear effect
of angler attributes on catchability and the size of fish
captured has been reported in previous studies in differ-
ent species (e.g. McConnell et al. 1995; Alós et al.
2009), limited information is currently available for
perch (Beardmore et al. 2011).
The present study aimed at identifying factors influ-
encing catch rates and size selectivity and sex selectivity
of catches via angling for Eurasian perch focusing on:
(1) angler-related factors (e.g. angling experience,
angler’s main target species or bait type); (2) environ-
mental factors related to perch abundance and the size
structure of perch populations (e.g. lake morphometry
and nutritional status of the lake); and (3) factors related
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to the ecology of perch (e.g. feeding or sex). In a first
step, data from angling diaries collected over a 1-year
period in 21 natural lakes of Mecklenburg-Vorpommern
(hereafter, multi-lake study), Germany, were analysed
with respect to modelling variance in perch catch rates
and mean maximum length of perch harvested. This part
of the study mainly focused on angler-specific and envi-
ronmental influences. In a second step, a single-lake
study was conducted in a gravel pit in North-Rhine
Westphalia, Germany, to understand physiological/eco-
logical constrains related to sex-specific feeding, which
could not be addressed in the multi-lake study but was
also expected to influence angling success and size of
perch captured with angling gear.
Materials & methods
Assessing perch catches – multi-lake study
Data on perch catches by recreational anglers fishing in
natural lakes in Mecklenburg-Vorpommern (M-V) were
generated in a 1-year angling diary study described in
detail by Dorow and Arlinghaus (2011). Briefly, over a
period from September 2006 to August 2007, randomly
recruited anglers fishing regularly in M-V were asked to
record detailed information on a fishing-trip level includ-
ing location, targeted species, angling method, overall
and method-specific and species-specific effort, species-
specific catch and harvest and the size of the largest fish
harvested of a given species. In this study, only lake
fishing trips where perch was the targeted species for at
least some fraction of the trip, including zero-perch catch
days, were incorporated. The data set was confined to
lakes that were fished by at least three anglers through-
out the entire study period. Furthermore, all lakes
selected were fished at least during three of four seasons
(spring: March, April, May), summer (June, July,
August), autumn (September, October, November) or
winter (December, January, February). Catch rate and
mean maximum length of perch landed by 143 anglers
targeting perch in 21 natural lakes were analysed. An
individual angler average perch catch per unit effort
(CPUE; fish h1) for each lake and season was estimated
as the ratio of means (sum of perch catches divided by the
sum of targeted perch fishing effort in hours), which is the
best measure for completed angling trips (Pollock et al.
1994). As a second metric of interest, an index of perch
length in the catch was calculated. No information on
mean length of perch catches was available so the mean
maximum length (Lmax) of perch harvested was used as a
size metric instead. Lmax was enumerated as the mean of
individual angler means of perch maximum length
retained to reduce possible effects of outliers of rare
catches of extreme-sized perch and to keep the angler the
sampling unit. Note that Lmax was only recorded in the
diary in cases where perch were harvested and where
individuals were  15 cm in total length (15 cm was a
minimum size limit in some of the study lakes).
Assessing perch catches – single-lake study
Further data on perch catches orginiated from the single-
lake study performed by means of experimental fishing
in a single gravel pit lake, Lake Speldrop, situated in
North-Rhine Westphalia, Germany (51°4650N, 6°22
42E). The Secchi depth of the eutrophic lake in summer
reaching chlorophyll-a concentrations of 2050 lg L1
ranged between 1.1 and 8 m with a minimum at around
the end of June. The lake has a surface area of about
7 ha, a mean depth of 7.4 m and is dominated by perch
(for a more details, see Beeck et al. 2002; Borcher-ding
et al. 2010). Gravel pit lakes differ structurally from
natural lakes, by having steep banks, but quickly estab-
lish habitat features that are comparable to natural
mesotrophic lakes. More than 20 000 gravel pits occur
in Germany, of which over 1000 are situated in
North-Rhine Westphalia (Berndt 1991). Therefore, such
anthropogenically created ecosystems form water bodies
typical for the landscape especially at the lower River
Rhine (Berndt 1991). Former studies on perch popu-
lations in gravel pit lakes showed that the results are
transferable to natural lakes (Beeck 2003).
Catch rates of perch were documented on one ran-
domly chosen experimental angling sampling day per
month from June to September 2008. On each sampling
date, 46 experienced perch anglers distributed over 23
boats angled for 37 h using self-chosen sites. Anglers
were spread over the whole lake but were angling
mostly near the shore (1520 m offshore). In each boat
(staffed with 12 anglers), 34 fishing rods were used
with either natural or artificial baits, where artificial baits
were wobblers and spinners, and natural baits were
mostly young-of-the-year (YOY) perch (about 60 mm)
but sometimes also worms. In all but a few hours, both
bait types were used simultaneously during the whole
angling period, but anglers were free to choose the type
of bait they used. Therefore, bait type was controlled,
but size and type of natural or artificial bait were uncon-
trolled. As described earlier, catch rates of all perch
caught with artificial and natural bait were expressed as
CPUE (fish per rod-hour) including zero-catch values on
a per boat basis. CPUE was calculated per boat and bait
type; the resulting values were then averaged for each
bait type and sampling day to compute the mean CPUE
for each sampling date. Correspondingly, Lmax of perch
was calculated as the mean of the largest perch caught
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in a given boat for natural and artificial bait on each
sampling date. To analyse sex-dependent catch rates, the
percentage of female perch caught was calculated.
Environmental correlates of perch catch rates in the
multi-lake study
Nine predictors were selected to model variation in perch
angling CPUE and Lmax across lakes in M-V (multi-lake
study). Five environmental variables known from litera-
ture to be related to perch abundance and size structure
(Sumari 1971; Jeppesen et al. 2000), namely lake size
(area, ha), depth (mean and maximum depth, m) and
nutrient status [average annual total phosphorus concen-
tration (TP, mg L1), average annual secci depth, cm],
were selected (Table 1).
Measurements of TP and secci depth in all 21 study
lakes were taken according to standardised protocols by
local environment authorities between 2005 and 2008
with a minimum of three samplings per year and lake.
Angling skill and timing of angling-related potential pre-
dictors of perch rates as estimated from the diary study
and accompayning telephone and mail surveys with the
same anglers were added as predictors (Dorow &
Arlinghaus 2011). First, fishing trips were partitioned
according to season (categorial into four seasons) and
bait type (natural or artificial). Information on bait size
was not available. Bait type and seasonality (co-varying
with water temperature) are known to affect catch rate in
various fish species (e.g. Margenau et al. 2003; Scrogin
et al. 2004; Alós et al. 2009; Kuparinen et al. 2010).
Moreover, since a range of angling skill and angler types
were generating data, each angler contributing catch rate
information was characterised by a measure of angling
skill related to perch in terms of absolute angling experi-
ence (years of fishing) and preferred target species (e.g.
non-predatory or predatory fish). The latter classification
was required because Wilde and Ditton (1994) showed
that the self-reported target species by anglers is predict-
ably related to a degree of specialisation and commit-
ment such that one can assume that a person who
classifies himself or herself as a predatory fish, angler
will likely be more skilled in catching predatory fish
such as large perch. Target species was classified as
1 = no preference for a certain species; 2 = preference
for non-predatory fish [e.g. roach, Rutilus rutilus (L.)
bream, Abramis brama (L.) carp, Cyprinus carpio L.];
3 = other (e.g. salmonids, marine species); and 4 = pref-
erence for predatory fish [e.g. perch, pike, zander,
Sander lucioperca (L.)].
Table 1. Characteristics of the lakes investigated in the multi-lake study including area, mean depth (Zmean), maximum depth (Zmax), secci depth
(SD) and total phosphorus concentration (TP). In addition, number of anglers, number of fishing trips, proportion of the angler types fishing at each
lake and their average fishing experience [FE (years) + standard deviation (SD)] from a sample of anglers taking part in a diary study are shown.
Angler type: 1 = no preference; 2 = non-predatory fish; 3 = other (salmonids, marine species); 4 = predatory fish
Lake Area (ha) Zmean (m) Zmax (m) SD (cm) TP (mg L
1) N Anglers N trips
Angler type (%)
FE (SD)1 2 3 4
Dobbertiner See 374.2 11.8 5.0 140 0.073 5 13 40.0 60.0 0.0 0.0 27.6 (11.3)
Fleesensee 1077.5 26.3 6.1 230 0.124 5 22 40.0 0.0 0.0 60.0 28.8 (16.8)
Glammsee 61.6 17.6 7.8 154 0.077 6 7 83.3 16.7 0.0 0.0 24.5 (23.3)
Groß Labenzer See 230.4 34.9 10.2 200 0.064 3 5 33.3 0.0 0.0 66.6 11.7 (7.6)
Großer Wariner See 260.1 9.5 4.7 90 0.129 5 13 80.0 20.0 0.0 0.0 25.2 (27.6)
Inselsee 1507.1 28.9 7.3 240 0.020 7 14 85.7 0.0 0.0 14.3 18.4 (11.6)
Keezer See 122.5 17.9 8.1 146 0.079 3 6 100.0 0.0 0.0 0.0 10.0 (6.6)
Kritzower See 66.1 12.7 5.9 246 0.059 7 15 85.7 0.0 0.0 14.3 32.4 (14.2)
Kummerower See 3254.8 23.3 8.1 155 0.051 12 31 75.0 0.0 8.3 16.7 37.3 (16.6)
Malchiner See 1395.2 10.0 2.5 37 0.081 4 21 75.0 0.0 0.0 25.0 31.3 (13.1)
Müritz 10331.0 31.0 28.1 300 0.018 33 347 51.5 12.1 9.1 27.3 31.5 (15.1)
Neumühler See 171.5 17.1 7.9 362 0.020 4 5 75.0 25.0 0.0 0.0 15.0 (14.1)
Orthsee 52.2 1.8 5.4 130 0.120 4 42 75.0 0.0 0.0 25.0 19.3 (8.7)
Plauer See 3840.0 25.5 6.8 258 0.030 8 15 62.5 37.5 0.0 0.0 25.5 (11.9)
Schweriner See 6153.8 52.4 11.5 701 0.048 28 125 71.4 7.1 3.7 17.8 21.1 (16.0)
Teterower See 336.3 10.7 4.0 64 0.123 5 32 40.0 0.0 0.0 60.0 17.8 (9.4)
Tollensesee 1789.6 31.3 17.7 435 0.041 6 58 100.0 0.0 0.0 0.0 27.8 (17.5)
Torgelower See 351.0 6.9 3.3 163 0.097 6 71 83.3 0.0 16.6 0.0 26.5 (18.3)
Zahrener See 70.3 7.9 3.2 47 0.071 3 8 33.3 66.7 0.0 0.0 31.0 (28.5)
Ziegelsee 299.8 34.4 8.9 358 0.041 8 24 75.0 0.0 0.0 25.0 19.1 (20.4)
Zierker See 347.3 3.5 1.6 58 0.116 4 4 50.0 50.0 0.0 0.0 25.8 (15.7)
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Assessing nutritional status of perch in the single-lake
study
In Lake Speldrop, not only size of captured perch was esti-
mated, but all perch were killed in line with German ani-
mal protection legislation and examined for nutritional
status and sex. Perch were measured (total length TL,
mm), weighed (g), intestines removed and preserved in
ethanol (96%) for stomach content analysis, and the sex of
each individual recorded. As the number of perch caught
with artificial bait was too low to analyse a possible
change of perch diet across season (in total n = 24 indi-
viduals, but only three and four, respectively, in August
and September), stomach content analyses were restricted
to perch caught with natural bait. In the laboratory, stom-
ach content analysis of 1758 individuals per sampling
date (in total n = 167) was carried out by weighing (to the
nearest 0.01 mg) the full and empty stomach. Stomach
contents were identified to genus level, and the food spec-
trum of each perch was expressed as the percentage com-
position of food items by weight (see Borcherding et al.
2007). The index of stomach fullness (ISF) for each fish
(caught with natural bait) was calculated to describe the
wet weight of the prey as a percentage of the perch’s wet
weight including stomach and stomach content (Hyslop
1980). Fulton’s condition factor (Bagenal & Tesch 1978)
was computed to obtain a measurement of the physiologi-
cal condition of perch (caught with natural bait) as
K= 105 9 M / TL3, where M is the wet weight (g) and TL
the total length (mm).
Statistical analyses – multi-lake study
Boosted regression tree (BRT) analysis (De’ath 2007;
Elith et al. 2008) was used to explain the variance in
perch angling catches in the multi-lake study using broad
limnological and angling-skill-related indicators. BRTs
can simultaneously handle categorical and continuous
data. Predictor variables do not need to be transformed,
outliers need not be eliminated, and predictors can
strongly correlate (Breiman et al. 1984; De’ath 2007). A
Poisson error distribution was selected for perch CPUE
and a Gaussian error distribution for Lmax. Predictive
performance of the BRT models was evaluated using
10-fold cross-validation following the study by Elith
et al. (2008). Model predictions were compared to with-
hold proportions of the data by dividing the total data
set into ten mutually exclusive subsets that were ran-
domly selected during cross-validation process. Model
selection was based on the optimal number of trees pro-
ducing the lowest prediction error without model over-
fitting by testing learning rates from 0.05 to 0.001, tree
complexities (tc) of 15 and using bag-fractions of 0.5
and 0.75. The learning rate determines the contribution
of each tree when added to the model, and lower learn-
ing rates are generally recommended. According to Elith
et al. (2008), the minimum number of trees for the
selection of the final model with the smallest residual
deviance was set to 1000. Interactions between the pre-
dictor variables were modelled using tc with no interac-
tions being included, if tc was one, one-way interactions
included, if the tc was two and so on. The bag-fraction
determined the proportion of the data, which are selected
at each step (50% or 75% here). This introduced sto-
chasticity to the model and improved accuracy and
reduced over-fitting (Friedman 2002).
Boosted regression tree analysis does not generate
P-values, but the relative influence of each predictor to
total variance explanation can be used to assess the
importance of each predictor. The measure of relative
influence is based on the frequency a predictor is
selected for splitting the tree and it is related to its influ-
ence on model improvement. Partial dependence plots
were used to visualise the functional effects of individual
predictors in the model on the response variable CPUE
and Lmax after accounting for the average effects of all
other predictors (Friedman 2002).
In addition, bait type used and zero-perch catches
were tested for seasonal variation using multiple sample
tests for equality of proportions with continuity correc-
tion to account for small sample sizes (see e.g.
Newcombe 1998). The function prop.test in the R
programming language was used. In case of significant
differences, Bonferroni-corrected pair-wise comparisons
were made.
To test whether perch catch rates were influenced by
seasonal preferences among different angler types, that
is, whether a certain angler type preferred a certain sea-
son, a generalised linear model (GLM, binomial distribu-
tion) was used with perch CPUE as the response
variable and angler type and season as factors. Analyses
were conducted using the R statistical software system
version 2.8.0 (R Development Core Team 2009) includ-
ing the gbm package (Ridgeway 2006) and the custom
code provided by Elith et al. (2008) for BRT analysis.
Assessing perch catches – single-lake study
Similar to the multi-lake study, the distribution of bait
type used in the single-lake study was tested for seasonal
differences using chi-squared tests. The effect of bait
type and season on CPUE in Lake Speldrop was graphi-
cally assessed because of low sample sizes (n June/July/
August = 3, September = 2). The same was true for the
influence of season and bait type on Lmax. One-way
ANOVA and pairwise Bonferroni tests were used to
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compare ISF of perch caught with natural bait across
seasons. As Fulton’s condition factor of perch caught is
dependent on fish size (Froese 2006), ANCOVA with
length as covariate and pairwise Bonferroni tests were
used to test differences of condition of perch caught with
natural bait across seasons. To understand whether the
percentage of empty stomachs of perch caught with nat-
ural bait changed over the season, chi-squared tests were
calculated. Chi-squared tests were also used to compare
the percentage of females caught (with natural and artifi-
cial bait pooled) on each sampling date. Before calculat-
ing each ANOVA or ANCOVA, a Levene-test was computed
to ensure homogeneity of variances (P > 0.05). Statisti-
cal analyses of Lake Speldrop data were conducted using
SPSS, version 20 (SPSS IBM Corp., Armonk, New
York, USA).
Results
Multi-lake study
In total, 8392 perch were reported caught during 878
fishing trips across the M-V lakes. Mean perch CPUE
per angler (n = 143) averaged 2.4 [±2.5 standard devia-
tion (SD)] fish h1. Lmax of the largest perch harvested
(n = 119 anglers) averaged 28.7 (±5.9 SD) cm with a
maximum total length reported of an individual perch of
50 cm.
Final BRT models were run with learning rates of
0.005 (CPUE; n = 2150 trees) and 0.001 (Lmax;
n = 2700 trees). Interactions between the predictors were
not included in the models (tc of 1) because they did not
improve predictive performance substantially. Predictive
performance was higher for the CPUE model (32.7%)
compared with the Lmax model (21.0%). The contribu-
tion of single predictors to variation in CPUE and Lmax
was highly variable and showed both linear and nonlin-
ear patterns (Figs 1 & 2).
Highly influential variables on perch CPUE were
angling-skill-related predictors (fishing experience, angler
type) (Fig. 1). Furthermore, type of bait fished was
important in affecting perch CPUE across the M-V lakes.
In particular, fishing experience (years of fishing) had a
large influence on angling success, with anglers having a
long history of fishing ( 40 years) being the most suc-
cessful. Furthermore, anglers who identified themeselves
Figure 1. Partial effects of predictor variables on the angler catch per unit effort (CPUE, fish h1) of perch in lakes of Mecklenburg-Vorpommern
(multi-lake study). Percentage values indicate the relative importance of the predictor variable in the boosted regression tree model. Rug plots on the
top horizontal axes indicate the distribution of the predictor variables (x-axes), in deciles. In cases of categorical variables, sample size within each
category is given on the top horizontal axes. Angler type: 1 = no preference; 2 = non-predatory fish; 3 = other (salmonids, marine species);
4 = predatory fish.
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as targeting predatory fish exhibited a higher perch
CPUE, and in line with expectations, anglers identifying
themselves as mainly targeting non-predatory fishes
showed the lowest perch catch rates. However, anglers
with no preference for a certain fish group had almost
identical fishing success like anglers targeting predatory
fish primarily. There was no seasonal preference of a cer-
tain angler type (GLM: interaction fishing type ~ season:
t = 0.35, P = 0.73) indicating that the perch catch rates
were not biased by different fishing intensities of the
different angler types at certain seasons.
Anglers fishing with artificial lures caught more
perch per hour of perch fishing than those engaged with
natural bait (Fig. 1). In 56% of the fishing trips, anglers
used natural baits with no significant seasonal change in
the use of bait type (v2 = 1.5, d.f. = 3, P = 0.67), sug-
gesting that the results were not influenced by seasonal
preferences of the anglers for a certain bait type.
Seasonal differences in perch CPUE were observed,
with the highest perch catches observed during summer
and autumn. However, the influcence of season on the
total variation in perch CPUE was not strong. The pro-
portion of zero catches differed significantly between the
seasons (v2 = 10.5, d.f. = 3, P = 0.01). A significantly
higher (P = 0.046) proportion of trips with no perch
caught was observed in spring (26.5%) than summer
(15.2%). All other seasonal comparisons showed no sig-
nificant differences (P > 0.14) in the proportion of zero-
catch days (autumn: 17.1%; winter: 23.2%).
Predictors related to environmental conditions in lakes
such as nutrient status (TP concentration) and water
transparency also explained some of the variation in
angler perch catches. Higher perch catch rates were obs-
eved in oligotrophic and mesotrophic lakes (TP concen-
trations up to 75 lg L1) with water transparencies of
60160 cm. Furthermore, perch CPUE was highest in
lakes >400 ha, although the relative influence of lake
area was weak (Fig. 2). Depth of the 21 lakes had no
effect on the variation in angler’s perch CPUE, but there
were few shallow lakes with mean depth of <5 m in the
data set (Table 1).
Bait type was the most influential predictor of size of
perch landed in the BRT analysis (Fig. 2). Mean Lmax of
perch harvested by anglers using natural baits was higher
than the anglers fishing with artificial lures. Furthermore,
anglers with more than 8 years of fishing experience and
Figure 2. Partial effects of predictor variables on mean maximum length (Lmax, cm) of perch caught by anglers in lakes of Mecklenburg-Vorpomm-
ern (multi-lake study). Percentage values indicate the relative importance of the predictor variable in the boosted regression tree model. Rug plots on
the top horizontal axes indicate the distribution of the predictor variables (x-axes), in deciles. In cases of categorical variables, sample size within
each category is given on the top horizontal axes. Angler type: 1 = no preference; 2 = non-predatory fish; 3 = other (salmonids, marine species);
4 = predatory fish.
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those targeting predatory fishes or showing no preference
for a certain fish group caught on average larger perch
than anglers with less fishing experience or those target-
ing non-predatory fishes, salmonids or marine fishes.
The largest perch were caught in the most oligotrophic
lakes and in lakes with Secchi depths ranging between
160 and 320 cm. Predictors related to lake morphometry
(area, depth) and timing of angling had only weak influ-
ence on the size of perch caught by anglers.
Single-lake study
Thirty hours of angling over 5 days (one per month) by
14 anglers was carried out on Lake Speldrop; 191 perch
were landed, 167 caught with natural bait and 24 with
artificial bait. Natural baits were used slightly more
frequently than artificial baits (artificial/natural = 2:3),
but there was no significant seasonal change in the use
of bait type (v2-test: P > 0.05), suggesting that the
results were not influenced by seasonal preferences of
the anglers for a certain bait type. Most perch caught by
standardised angling ranged between 12 and 25 cm in
size, which corresponded to the age-1 and age-2 cohorts.
However, in June and August, a few trophy individuals
around 45 cm long were landed. The mean CPUE (fish
fishing rod1 h1) varied strongly over the season peak-
ing in September with a fivefold increase compared with
other months (Fig. 3, no statistical tests possible). There
was a tendency for CPUE obtained with natural baits
exceeding the CPUE values generated with artificial
baits (Fig. 3).
Lmax of the largest perch harvested in Lake Speldrop
averaged 22.1 (±44.1 SD) cm with a maximum total
length of 48 cm. As with the Mecklenburg-Vorpommern
data, there was no trend across season or bait type (data
not shown).
Stomach content analysis of perch captured with
natural baits zooplankton was the predominant food con-
sumed in early summer (June), (Fig. 4a), consisting
mainly of Daphnia spp. and Chaoborus larvae. During
the summer, piscivory increased, and perch cannibalised
on their own young-of-the-year (YOY), and in Septem-
ber, about 50% of all food items consumed were YOY
perch. Macroinvertebrates played a marginal role in the
diet of perch. While there were no significant changes of
the ISF over the season (ISF about 0.7 for all months;
ANOVA: F3,163 = 0.63, P = 0.94) (Fig. 4b), the percentage
of empty stomachs significantly increased from July
onwards (v²-test: June/July P > 0.05, July/August
P < 0.05, August/September P < 0.001), and in Septem-
ber, 50% of fish landed had empty stomachs (Fig. 4c).
Figure 3. Angler catch per unit effort (CPUE, perch rod1 h1) of
perch caught with natural baits (black symbols) and artificial baits
(white symbols) in Lake Speldrop (single-lake study) from June to Sep-
tember 2008. Error bars = standard deviation which was calculated if
n > 2, n: June/July/August = 3, September = 2.
(a)
(b)
(c)
Figure 4. (a) Stomach content (%) of perch caught with natural baits
in Lake Speldrop (single-lake study) from June to September 2008.
Black bars = perch, white bars = macroinvertebrates, grey bars = zoo-
plankton. (b) Index of stomach fullness (ISF) of perch caught with nat-
ural baits in Lake Speldrop (single-lake study) from June to September
2008. (c) Empty stomachs (%) of perch caught with natural baits in
Lake Speldrop (single-lake study) from June to September 2008. Error
bars = standard deviation, stars indicate level of significance of ANOVA
(for ISF) or chi-squared tests (for empty stomachs): ***P  0.001,
*P  0.05. n for all panels: June = 47, July = 45, August = 17, Sep-
tember = 58.
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The condition factor was the same in June and July
(ANCOVA: F3,235 = 34.4, P < 0.001, Bonferroni tests: Jun/
Jul P = 0.32) but increased from July to August (Fig. 5)
(ANCOVA: F3,235 = 34.4, P < 0.001, Bonferroni tests: Jul/
Aug P < 0.01). However, in September, the condition
factor decreased (ANCOVA: F3,235 = 34.4, P < 0.001,
Bonferroni tests: August/September P < 0.001).
In June and July, about 60% of perch caught were
females (v²-test: June/July P > 0.05) (Fig. 6), increasing
to 70% in August (v²-test: July/August P = 0.01) and
almost all fish caught in September were females (97%,
v²-test: August/September P < 0.001).
Discussion
Multi-lake study
This study found that perch catches by recreational
angling are affected by angler-related factors, trophic
lake characteristics and to lesser degree by lake mor-
phometry and timing of angling. In the multi-lake study,
angler-related attributes explained variance in catch rates,
and to a lesser extent, size of perch harvested. Angling
experience impacted both mean maximum length (Lmax)
of perch landed and catch rates of perch (CPUE). Both
sharply increased after anglers passed a certain threshold
of fishing experience (Figs 1 & 2). Only the very experi-
enced anglers exhibited higher CPUE, while larger size
of capture (Lmax) occurred after only a few years of fish-
ing experience. This, together with the lower predictive
power of the length-based BRT model suggests that size
of perch captured is less influenced by angler experience
than CPUE, as found elsewhere (e.g. McConnell et al.
1995; Arlinghaus & Mehner 2003) and is interpreted as
an increasing skill level positively affecting catch rates.
It is, however, noteworthy that the peak size of perch
captured occurred in younger age groups than the CPUE
peak. This effect is possibly related to younger people
using modern gear technology and fish finders to target
trophy perch, while more experienced perch anglers
seem to be better at achieving high catch rates because
of their knowledge of the water body (cf. Eden & Bear
2011).
The self-rated target species preference (predatory or
non-predatory fish) positively correlated with perch catch
rates, with the highest CPUE achieved by anglers target-
ing predatory fish or anglers without any particular pref-
erence for a certain fish type. Both angler types are
likely to be most committed (Wilde & Ditton 1994;
Beardmore et al. 2011) and skilled in the capture of
predatory fish such as perch, with the latter being more
generic in their targeting behaviour, but also occasionally
fishing for predators. By contrast, anglers identifying
themselves as non-predatory fish anglers showed lower
CPUE of the predatory fish perch. Similarly, the mean
maximum length of perch harvested was highest for
anglers targeting predatory fish or not targeting any spe-
cific species, which suggests greater skills in catching
large perch.
Besides angler preferences for target species, bait type
was another important variable affecting perch catch
rates and size of fish caught, and similarly affected catch
rates and size selectivity in other angling fisheries (e.g.
Arlinghaus et al. 2008; Alós et al. 2009). Unfortunately,
no data on bait size existed, so no effect of bait size on
size of perch caught could be investigated. It is highly
likely, however, that bait size will exert an effect on the
size of perch captured (Wilde et al. 2003; Arlinghaus
et al. 2008).
In angling in general, catching success is related to
the motivation to ingest a bait, which can be connected
to chemical components of the bait, its visual attractive-
ness and is moderated by bait size (reviewed in Løkke-
borg & Bjordal 1992). Preferences of various fish
Figure 5. Condition factor of perch caught with natural baits in Lake
Speldrop (single-lake study) from June to September 2008. Error
bars = standard deviation, stars indicate level of significance of ANCOVA
(length as covariate): ***P  0.001, **P  0.01. n: June = 47,
July = 45, August = 17, September = 58.
Figure 6. Proportion of females (%) of total catches of perch angled
with natural baits in Lake Speldrop (single-lake study) from June to
September 2008. Stars indicate level of significance of chi-squared
tests: ***P  0.001, **P  0.01. n: June = 47, July = 45,
August = 17, September = 58.
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species for certain types of lures were shown to be sea-
son specific, size specific and species specific but also
dependent on the experience an individual gained con-
cerning certain bait types (reviewed in Løkkeborg &
Bjordal 1992; Stoner 2004). Moreover, catchability with
certain baits types (e.g. artificial baits) might be strongly
dependent on angling pressure and previous exposure of
the lures to individual fish (Beukema 1970; Kuparinen
et al. 2010). In the present study, catch rates of perch by
artificial baits were higher than those by natural baits in
the multi-lake study. However, although artificial bait
was more successive in catching a high number of
perch, the largest individuals were hooked with natural
baits across M-V, as described earlier for pike (Arling-
haus et al. 2008).
Fishing success was also found to be dependent on
the environmental variables characterising the fished
lakes. Perch populations are known to be related to the
lake’s morphometry, nutrient status, vegetation coverage
and turbidity, abundance being highest in deep, vegeta-
tion-rich lakes characterised by low nutrient concentra-
tions and high water transparency (Persson et al. 1991;
Jeppesen et al. 2000; Olin et al. 2002; Mehner et al.
2005; Radke & Gaupisch 2005). In line with this, tro-
phic status and water clarity exhibited a strong effect
on perch catch rates in the present study. In particular,
oligo-mesotrophic with intermediate Secchi depth pro-
duced the greatest perch CPUE rates, likely reflecting
larger underlying population sizes. The weak effect of
water depth and area on perch CPUE was probably
caused by little contrast in the data, as most lakes in
the multi-lake study were relatively deep and large
(Table 1).
Total phosphorus concentration and Secchi depth were
also the environmental factors that significantly affected
mean maximum size of perch caught by anglers in the
multi-lake study. The overall lower explanatory power
of the size model indicated greater degree of stochastici-
ty in catching large fish compared with catching large
numbers of perch. This agrees with Wilde and Pope
(2004) who documented a very low probability of catch-
ing record size fish in recreational fisheries. In other
words, anglers have less control over size of fish cap-
tured than number of fish. In the present study, the larg-
est fish were caught in the most nutrient-poor lakes with
higher water transparencies. Nutrient-poor lakes are gen-
erally inhabited by greater numbers of large-sized fish
than nutrient rich lakes where perch densities and com-
petition between individuals and species are often higher
reducing the individual’s growth potential and the ability
of perch to grow to a size where they can become canni-
bals (Jeppesen et al. 1997, 2000; Claessen et al. 2000;
Emmrich et al. 2011).
Single-lake study
Studies on fish species other than perch found tempera-
ture-influenced and season-influenced angling catch rates
(e.g. Margenau et al. 2003; Damalas et al. 2007;
Kuparinen et al. 2010). Results of the multi-lake study
also showed an increased CPUE in summer and autumn,
and drastically increasing CPUE for perch in September in
the single-lake study where catch rates varied across the
seasons. Seasonal changes of body composition (Craig
1977), metabolic rate (Karas 1990), allocation of energy
to gonads (Treasurer & Holliday 1981), behaviour
(Uusi-Heikkilä et al. 2008) and, in particular, shoaling
behaviour (Vainikka et al. 2012 and references therein)
may be the important factors affecting the variability of
catches throughout the season intimately linked to food
availability and possible starvation and hunger. While
rising temperatures will increase metabolic demand,
catchability of perch is expected to peak if moderate to
warm water coincides with suitable environmental condi-
tions (e.g. oxygen) and lack of natural food, which
according to the single-lake study, was present in late
summer and autumn.
Stomach content analysis showed perch consumed
Daphnia and Chaoborus larvae in early summer, but
shifted to a cannibalistic diet in late summer. This diet
shift possibly illustrates the normal ontogenetic develop-
ment, as perch are known to shift to piscivory while
growing (Thorpe 1977), but also may reflect a decrease
in Daphnia and Chaoborus larvae (Beeck et al. 2002),
causing alteration in diet. Svanbäck and Bolnick (2007)
showed that by decreasing preferred prey abundances,
perch are forced to switch to alternative prey sources
suggesting that perch in Lake Speldrop shifted to pisci-
vory because of decreasing zooplankton biomass. By
using alternative resources, perch were able to maintain
the amount being consumed, which is illustrated by the
ISF as a measure for relative fullness of stomachs that
did not change across season. Contrasting to ISF, the
percentage of empty stomachs of larger perch caught
increased throughout the season with increasing con-
sumption of fish prey (to 50% in September). This is
most likely attributable to two factors. First, although
piscivorous individuals benefit from the energy-richer
resource, potentially leading to higher growth rates
(Galarowicz & Wahl 2005; Borcherding et al. 2010),
attack and capture efficiency of prey fish are reduced
compared with zooplankton (Galarowicz & Wahl 2005).
Second, piscivorous perch vulnerable to natural baits
used by anglers usually face a diminishing number of
prey fish (YOY perch) over the season because of natu-
ral mortality but also because of higher predation pres-
sure by larger perch (Beeck et al. 2002). Hence, it
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appeared that satisfying the food demands became more
difficult in late summer causing the shift to cannibalism.
This food shortage existing in September in turn resulted
in a drop in condition (see also Borcherding et al. 2007)
likely elevating food demands, which in turn affected
angling catch rates positively. Lack of food could then
be the key explanation for higher catchability towards
the end of summer in the present data.
Seasonal patterns in catch rates were accompanied by
sex-biased exploitation patterns, which was most pro-
nounced towards late summer. In June and July, about
60% of all perch landed were females. Although there
are no data on the natural sex ratio for Lake Speldrop,
previous studies showed that the ratio documented by
angling in June and July in Lake Speldrop corresponded
well to the natural sex ratio of other perch lakes (Jamet
& Desmolles 1994; Rougeot et al. 2002). Surprisingly,
perch caught in September were almost exclusively
females (97%), suggesting that there were sex-specific
reactions to food shortage in late summer (e.g. if females
face greater energy intake they need to built up gonads)
or the food shortage affected larger fish, which usually
are females in perch, disproportionally. The sex-biased
relative catchability might thus be explained by sex-
dependent differences in growth (females grow up to
20% faster, Juell & Lekang 2001) and the elevated
energy invested into gonads by females (Treasurer &
Holliday 1981). This would result in higher energy
demands by females, likely explaining the increased
catch rates for female perch documented in the present
study.
Conclusions
The results found that perch catch rates are strongly
affected by angling-skill-related factors (fishing experi-
ence, angler type) and bait choice, but also reflected
lake-specific limnological variables related to the trophic
status of the lake (TP and Secchi depth). Because of the
strong angler-type-related impacts on catch success the
present results raise a cautionary note related to the use
and interpretation of non-controlled angling diary data
when used to infer population trends, as the reliability of
the data will strongly depend on which angler type is
reporting data. Another key finding related to seasonal
patterns in perch catches is the female-biased exploita-
tion coinciding with elevated hunger levels in late sum-
mer and autumn. Because (single-lake study) female
perch were found to be particularly vulnerable to exploi-
tation in periods other than winter time (see Vainikka
et al. 2012 where no sex bias has been found in winter
fishing for perch), autumn fishing activity in smaller
water bodies could strongly bias sex-ratios and affect
total fecundity, which in turn may affect recruitment,
competition, predation control and subsequently popula-
tion dynamics (Langangen et al. 2011). However, it has
to be mentioned that further studies in multiple lakes
should be conducted to clarify whether the patterns from
the single-lake study are common across lakes.
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SUMMARY
1. Sampling of lake fish assemblages is a challenging task in fish science, and the information
obtained strongly depends on the choice of sampling gear. The use of more than one sampling
technique is generally preferred in order to achieve a comprehensive view on fish assemblage
structure. Therefore, the knowledge of whether catches between fishing gears are comparable is
crucial.
2. We compared catches in benthic multi-mesh gillnets with fish biomass estimates obtained by
vertical hydroacoustics in 18 European lakes strongly varying in morphometry and trophic status.
Separate analyses were conducted for different depth strata and for several fish length thresholds
to account for depth- and size-selective gillnet catches.
3. Gillnet catches and hydroacoustically obtained fish biomass estimates were significantly
correlated. The strength of correlations was independent of the fish length thresholds applied, but
varied across different depth strata of the lakes, with the strongest correlations occurring in the
shallow strata.
4. The results support the applicability of vertical hydroacoustics for the quantification of fish
biomass in stratified lakes. Survey designs combining hydroacoustics with limited gillnetting at
sampling dates shortly one after the other, the latter for the purpose of inventory sampling only,
are a cost-effective strategy for sampling fish assemblages in lakes. However, gillnet sampling
does not provide reliable fish density estimates in very deep lakes with separate, pelagic-dwelling
fish assemblages.
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Introduction
Representative sampling of lake fish assemblages is a
challenging task in fish science and management. The
information obtained on the fish stock depends strongly
on the choice of sampling method (Jackson & Harvey,
1997; Jurvelius, Kolari & Leskela¨, 2011). Therefore, the use
of more than one sampling technique is generally
preferred in order to achieve a comprehensive overview
of the abundance, species composition, size structure and
spatiotemporal distribution patterns of fish (Kubecˇka
et al., 2009). Furthermore, application of multiple gears
may balance the fact that species caught as well as species
size may vary with the gear type used (Bethke et al., 1999;
Prchalova´ et al., 2009b).
The efficiency of passive types of sampling gear such as
gillnets largely depends on the activity of the fish and
estimates of fish abundance are accordingly indirect
(Hamley, 1975). In contrast, fish sampled by active gear
types such as trawls or hydroacoustics can be linked to the
volume or area sampled, thus producing quantitative fish
abundance estimates (Kubecˇka et al., 2012). However,
local regulations or limited resources often set strict limits
to the choice of sampling gears as well as the intensity of
sampling. Thus, the knowledge of whether catches
between fishing gears are comparable is crucial.
Fish assemblages in European lakes are nowadays
primarily sampled by multi-mesh gillnets using standar-
dised sampling designs [Appelberg et al., 1995; CEN
(European Committee for Standardisation), 2005]. Catches
by gillnets are used in both basic (Helland et al., 2007) and
applied research, for example the assessment of ecological
status of lakes from their fish assemblages required by the
European Water Framework Directive (WFD; European
Union, 2000; Søndergaard et al., 2005; Diekmann et al.,
2005). However, representative gillnet sampling requires
considerable effort with subsequent catch processing time
and is therefore quite expensive (Dahm et al., 1992; Van
Den Avyle et al., 1995). Furthermore, information on fish
assemblage composition based on gillnet catches is
relative and may not entirely correspond with absolute
fish densities (Linløkken & Haugen, 2006; Prchalova´ et al.,
2011) because of the species and size selectivity and the
saturation effect of the nets depending on the number of
fish entangled in the meshes (Olin et al., 2004; Prchalova´
et al., 2011). In most situations, gillnets are considered to
be destructive as they kill most individuals entangled in
the meshes if the nets are left for several hours in water at
high temperatures or rapidly lifted from deep areas to the
surface. As a result, the possibility that gillnets may have
negative impact on fish population size cannot be
excluded. In consequence, some European countries
(e.g. U.K., Ireland, Belgium, Netherlands) often limit the
intensive use of gillnet sampling because of low accep-
tance by the public and the recreational fisheries com-
munity (Winfield et al., 2009). This limitation hampers or
even prevents scientific samplings of lake fish assem-
blages according to the European gillnet standard.
Recently, modern hydroacoustic equipment, a sophis-
ticated active fishing technology which has evolved
rapidly during recent times (Simmonds & MacLennan,
2005), has frequently been applied to sample fish assem-
blages particularly in large deep lakes. A combination of
non-destructive fish sampling such as hydroacoustics
combined with limited gillnetting is highly encouraged
(Winfield et al., 2009; Harrison et al., 2010) and is likely to
become more important in future (Kubecˇka et al., 2012).
Currently, data from concurrent gillnet catches (e.g.
species composition, relative species abundance) are used
for the verification and interpretation of acoustic data
because even state-of-the-art echosounders cannot yet
distinguish between fish species. The combination of
hydroacoustics and gillnets has frequently been applied in
research on conservation of fish species (Winfield et al.,
2009; Harrison et al., 2010), fish stock assessments (Meh-
ner & Schulz, 2002; Deceliere-Verge`s & Guillard, 2008)
and fish behaviour (Helland et al., 2007).
However, previous comparisons of abundance data
derived from gillnets and hydroacoustics in the same
lake have shown very inconsistent and sometimes con-
trasting results. Peltonen et al. (1999) could not detect any
significant correlation between gillnet catch per unit
effort (CPUE) and areal fish abundance estimates
obtained by hydroacoustics. Likewise, Dennerline, Jen-
nings & Degan (2012) were unable to model a significant
relationship between acoustically derived fish abun-
dances and gillnet catches even after accounting for
environmental covariables. Mehner & Schulz (2002)
observed a significant correlation between gillnet and
hydroacoustic fish abundances only if the smallest and
largest fish were excluded from the analysis, and Elliott
& Fletcher (2001) recorded a strong correlation only for
large pelagic fish >20 cm. Even in a recently published
multi-lake study on 14 Alpine lakes, no significant
correlation between fish biomass estimates derived from
hydroacoustics and gillnets could be detected (Achleit-
ner, Gassner & Luger, 2012). Obviously, the correspon-
dence between gillnet catches and hydroacoustically
obtained fish abundances is weak and ⁄or complex owing
to differences in size selectivity of the gears or differences
in sampling intensity and date of sampling in different
lake habitats.
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In this study, we sampled fish assemblages in 18 natural
European lakes located in different ecoregions using
standardised benthic multi-mesh gillnetting (CEN, 2005)
and vertical downward-looking hydroacoustics. Ours is,
to our knowledge, the largest data set published compar-
ing fish abundance estimates obtained from these two
types of sampling gears. The aim of our study was to test
the correspondence between fish biomass caught per unit
effort (BPUE) from gillnets and area-related fish biomass
derived from hydroacoustics. Separate analyses were
conducted for different depth strata and for several fish
length thresholds to account for depth- and size-selective
gillnet catches. We hypothesised that correspondence
between gears improves using standardised sampling
techniques and considering the entire lake as a single
sample unit by pooling catches from all gillnets and
reflected energy from fish from all hydroacoustic transects
in contrast to the above cited tests where single gillnets or
hydroacoustic transects within lakes were treated as
sample units.
Methods
Study lakes
We analysed fish sampling data from 18 natural lakes
located in seven European countries. The study sites
covered a latitudinal range of 15 and were located in
lowland up to mountain regions (Fig. 1 and Table 1). The
lakes differed substantially in surface area (0.25–5.45 km2)
and had very different shapes representing circular,
elongated and branched lake surface types. All lakes
except Lake Fussing (Denmark) were thermally stratified
during summer. The mean depth of most lakes varied
between 3.8 and 13.6 m and maximum depth between 7.8
and 35.0 m. However, three very deep lakes with mean
depth >30 m and maximum depth >70 m were sampled
additionally (Table 1). The trophic status of the lakes
based on the total phosphorus concentration ranged from
oligotrophic to hypertrophic (Table 1).
Gillnet sampling
Fish assemblages were sampled consistently across all
countries following a stratified random design accredited
as the European standard (EN 14757) for sampling fish
with multi-mesh gillnets in lakes (CEN, 2005). Sampling
took place between 2005 and 2010. In all lakes, the same
type of benthic multi-mesh gillnets (type NORDIC) was
used. The nets, made of non-coloured, monofilament
nylon, were each 30 m long and 1.5 m high (=45 m2) and
consisted of 12 panels of 2.5 m each with mesh sizes
ranging from 5 to 55 mm knot to knot (bar mesh size). The
mesh sizes followed a geometric series (43, 19.5, 6.25, 10,
55, 8, 12.5, 24, 15.5, 5, 35, 29 mm) with an almost constant
ratio between two adjacent different mesh sizes of c. 1.25.
Depending on lake area and maximum depth, pre-
determined numbers of nets were set randomly within
different lake depths. The different depth zones of a lake
were divided into amaximum of eight layers, and these are
termed depth strata (CEN, 2005): lake surface to 2.99 m
depth, 3–5.99 m, 6–11.99 m, 12–19.99 m, 20–34.99 m,
35–49.99 m, 50–74.99 m, ‡75 m (all depths measured rela-
tive to surface). Fish assemblages were sampled between
summer and autumn (end of July–mid-October, Table 1) to
maximise catch efficiency of the gillnets before the usual
reduction of lake temperatures in the epilimnion to <15 C.
In accordance with the standard, the gillnets were set
overnight to ensure that the activity peaks of the fishduring
dusk and dawn were included (Prchalova´ et al., 2009b).
Weighting of the gillnet catches after retrieval was not
necessary, because all nets were soaked for c. 12 h.
The captured fish were determined to species level,
measured to the nearest mm total length (TL) and weighed
to the nearest g fresh mass (FM). For the Danish lakes,
individuals were pooled according to species and counted,
and total FM was measured. For the Swedish lake,
individual fish lengths were available with pooled FM.
Biomass per unit effort (BPUE) was calculated as the
average biomass of fish (kg FM) caught by one net during
one night. Additionally, depth strata–specific BPUE values
were calculated by summing up the FM of all fish caught
Fig. 1 Geographical location (closed circles) of the 18 lakes distrib-
uted across seven European countries (grey-coloured) whose fish
assemblages were sampled by vertical hydroacoustics and standar-
dised benthic multi-mesh gillnets.
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within a given stratum and dividing it by the number of
nets set in that stratum.The gillnet catcheswere also used to
calculate an overall length–mass relationship (LMR) by
including all fish from all lakes, independently of their
taxonomy, for which information of individual length and
individual mass was available. We refrained from devel-
oping lake-specific LMR to limit the potential sources of
variability in the analyses. Catches from pelagic gillnets,
deployed as only a single vertical row at the deepest part of
the lakes, were not considered in this study because they
were inconsistently used among the countries.
Hydroacoustics
Data collection. Hydroacoustic fish monitoring did not
follow an established standard protocol because such a
protocol does not yet exist for European waters (Kubecˇka
et al., 2009; Winfield et al., 2011). However, earlier studies
have demonstrated that hydroacoustic equipment from
different manufacturers operated by different expert
teams produces comparable fish density estimates (Meh-
ner et al., 2003; Wanzenbo¨ck et al., 2003). Most lakes were
sampled by hydroacoustics on dates within the time
period of the corresponding gillnet surveys. Only in
Lakes Fussing and Fiolen was hydroacoustics performed
two and eight weeks after the gillnetting, respectively.
Four expert teams collected the data, all using vertical
downward-looking split-beam echosounders. The Danish
and U.K. lakes were insonified with a Biosonics-DT-X
echosounder (Biosonics Inc., Seattle,WA,U.S.A.) equipped
with a DT-200-0615-033 transducer. In all other lakes,
Simrad EK60 systems (Simrad Kongsberg Maritime AS,
Horten, Norway) equipped with one of three types of
transducers (ES120-7C, ES70-11 and ES70-11C) were used.
The echosounders operated at frequencies of 200 kHz
(Biosonics), 120 and 70 kHz (Simrad) (Table 1) using pulse
durations between 256 ls and 512 ls and sample intervals
of 2–5 pulses s)1 depending on local lake conditions.
Transmission power ranged between 80 and 500 watt.
Calibration of the systems was undertaken on a regular
basis according to the operatormanuals using standardised
targets.
Acoustic measurements on fish populations can be
affected by the sound frequency and pulse duration
(Knudsen, Larsson & Jakobsen, 2006; Godlewska et al.,
2011), but it has been shown that parameters lying within
the range of this study produce unbiased fish biomass
estimates (Guillard, Lebourges-Dhaussy & Brehmer, 2004;
Godlewska et al., 2009, 2011). Nevertheless, we analysed
the effects of the different sound frequencies and pulse
durations on the reliability of the fish density estimates
using the Sawada index Nv (Sawada, Furusawa &
Williamson, 1993) (see Statistics).
For the majority of the lakes, the survey designs
consisted of non-overlapping, parallel transects. In case
where a zig-zag design was used or if transects crossed
each other, a representative subset of transects covering
all parts of the lake was selected for post-processing. This
Table 1 Characteristics of the study lakes including latitudinal (Lat) and longitudinal (Long) coordinates (WGS84), altitude [Alt (m a.s.l.)], area
(km2), mean depth [Zmean (m)], maximum depth [Zmax (m)] and total phosphorus concentration [TP (lg L
)1)]. In addition, sound frequencies of
the hydroacoustic systems [Freq (kHz)], number of hydroacoustic transects (n Tr), degree of coverage (DoC), number of benthic gillnets (n GN)
and sampling month of gillnetting are given
Country Lake Lat Long Alt Area Zmean Zmax TP Freq n Tr DoC n GN Month
Denmark Fussing 56.4705 9.8722 18 2.17 12.6 28.1 40 200 11 3.8 17 August
Nordborg 55.0575 9.7638 6 0.54 5.0 7.8 241 200 12 3.1 13 September
France Aiguebelette 45.5555 5.7985 374 5.45 30.7 71.0 10 70 12 5.3 58 October
Aydat 45.6641 2.9861 837 0.56 8.0 15.0 20 70 11 6.9 24 September
Bouchet 44.9091 3.7906 1200 0.43 15.0 28.0 27 70 6 5.7 24 September
Montriond 46.2090 6.7283 1060 0.33 9.0 19.7 14 70 9 3.7 16 September
Pavin 45.4956 2.8875 1196 0.45 45.0 96.0 20 70 9 6.9 32 September
Germany Glindow 52.3568 12.9284 33 1.95 4.9 14.3 139 120 18 4.7 24 September
Grienerick 53.1067 12.8873 56 0.87 4.3 14.1 37 120 8 4.0 24 September
Roofen 53.1087 13.0397 59 0.57 9.0 19.1 17 120 18 5.6 24 September
Italy Ghirla 45.9166 8.8222 415 0.25 11.0 14.0 24 120 17 7.3 16 October
Mergozzo 45.9561 8.4643 204 1.82 45.6 73.0 6 120 12 7.0 32 October
Norway Longumvatnet 58.4880 8.7529 32 1.00 9.6 35.0 10 70 19 3.9 32 August
Nøklevann 59.8751 10.8748 163 0.79 11.3 33.0 5 70 17 4.1 32 August
Temse 58.3835 8.6370 15 0.62 5.0 10.0 16 70 6 3.4 24 September
Sweden Fiolen 57.0827 14.5331 226 1.56 3.8 10.0 13 70 9 4.5 24 July
U.K. Loweswater 54.5830 )3.3562 125 0.60 8.4 16.0 13 200 12 5.6 17 August
Rostherne Mere 53.3542 )2.3858 27 0.48 13.6 31.0 180 200 13 7.2 22 August
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allowed us to generate an approximately parallel survey
design for all lakes. The hydroacoustic sampling effort
was determined a priori following the approach of Aglen
(1983) by calculating the degree of coverage, defined as
the ratio between the surveyed distance, that is, the
cumulative length of the hydroacoustic transects (km),
and the square root of the lake area (km2). As a general
guide, the degree of coverage should be at least 3.0 and
preferably near to or above 6.0.
We decided to use only night-time hydroacoustic data
as fish are usually better detected by hydroacoustics
during darkness when individuals are more dispersed in
the open water (Appenzeller & Leggett, 1992; Mehner,
Kasprzak & Ho¨lker, 2007b). This pattern was also
confirmed in five of the study lakes where both daytime
and night-time data were analysed (M. Emmrich, unpub-
lished). Echoes were recorded at an average boat speed of
1.88 m s)1 (SD: 0.44), which equals 6.77 km h)1 [range:
2.6–8.6 km h)1 (mean per lake)], and stored in a digital
format on laptop computers.
Data post-processing. All raw files were converted with a
base threshold of)100 dBand aminimumsingle target size
of)80 dB into a format compatible to be processedwith the
Sonar5-Pro software (version 6.01; Balk & Lindem, 2011).
The analysis of the hydroacoustic data was kept as
standardised as possible and was carried out by the same
individual researcher. For each transect, the bottom line
was automatically detected by the Sonar5-Pro software
using pre-defined settings based on the authors’ experience
and subsequently manually corrected if necessary. All files
were additionally checked for the presence of unwanted
non-fish echoes (e.g. air bubbles, submerged macrophytes,
debris accumulation, ropes from gillnets ⁄buoys, fake bot-
tom echoes) that were manually deleted from the echo-
grams.
Sonar5-Pro software was also used to calculate total
mean volumetric backscattering strength [Sv in decibels
(dB)] from the fish echoes. To estimate fish biomass,
echo integration (sv ⁄ ts scaling) was used. All chosen
hydroacoustic transects of a lake were merged into a
single file and analysed together. We did not divide the
transects into horizontal segments elementary distance
sampling units (EDSU) to avoid high numbers of empty
cells with no backscattered echo energy. Furthermore,
the small variability of our sampling designs can create
geostatistical variance patterns owing to spatial auto-
correlation, a problem that is avoided if Sv is calculated
for the entire insonified water volume.
Calculations of Sv and areal fish biomass excluded
water layers from surface down to 2 m because for the
Danish and U.K. lakes, shallower parts were not recorded
during field campaigns. This exclusion functioned
further as a trade-off to reduce the effects of possible
avoidance reactions of fish from the vessel, to consider
the transducer depth and to account for the upper
blind zone (near-field of the transducer) that gives
unreliable fish echoes, but still insonifying some volume
of surface water. For the comparison of fish biomass in
the upper depth stratum defined by the gillnet standard
(0–2.99 m; CEN, 2005), we applied the fish biomass
detected in 2–3 m depth to the upper metres (0–1 m
and 1–2 m). Echoes from fish close to the lake bottom
cannot always be distinguished from the bottom echo
such that the bottom margin was set to 0.3 m (lower
blind zone).
In addition to the analysis covering the entire water
volume, depth strata of the merged hydroacoustic files
were analysed separately to identify for which depths
benthic gillnet catches corresponded with hydroacoustic
estimates. It has been recommended to estimate fish
biomass from in situ target strength data in defined depth
strata with homogeneous fish species and size structure
(Parker-Stetter et al., 2009). However, for a direct, depth-
specific comparison, we used the same depth strata that
have been a priori defined according to the gillnet
standard (CEN, 2005). Homogeneous size distributions
of single echo detections (SED) could be confirmed for the
upper depth strata in most lakes. However, with increas-
ing thickness of the depth strata applied only in the
deeper lakes, slightly more non-homogeneous patterns in
SED size distributions were observed (M. Emmrich,
unpublished).
The hydroacoustic data were also checked for reliable
estimates of in situ target strength using the Sawada index
Nv (number of fish per acoustic sampling volume)
(Sawada et al., 1993). The index serves as a diagnostic
tool for the identification of volumes with very high fish
densities. If Nv > 0.1, data were interpreted with appro-
priate caution.
For the conversion of the echo target strength (TS in
decibel, dB) into fish total length (TL in cm), the
relationship of Love (1971) was used, adjusted to the
different sound frequencies (f) of 70, 120 and 200 kHz.
TS ¼ 19:1 log TLð Þ  0:9 log fð Þ  62
By applying this general conversion formula, we
avoided introducing additional uncertainty into the com-
parison of biomass between both fishing gears. For the
conversion of the hydroacoustic fish lengths into fish
biomass, we used the LMR calculated from the pooled gill-
net catches from all lakes (see Gillnet sampling), because
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gillnet catches from all lakes (except Montriond) were
dominated by the same species (Table 1).
We further tested whether certain fish size thresholds
affected the correspondence between the two sampling
gears. Previous studies have shown that small fish are
not effectively caught with multi-mesh gillnets (Olin,
Malinen & Ruuhija¨rvi, 2009; Prchalova´ et al., 2009b)
because of the small ratio between diameter and mesh
size for the smallest meshes, which reduces the stretch-
ability of the meshes and the catchability of small fish
(Hamley, 1975), and the saturation effect of the gillnets at
high densities of small fish. Therefore, stronger corre-
spondence between gillnet catches and hydroacoustically
derived fish abundance might be achieved if small fish
are excluded from the comparison (Mehner & Schulz,
2002).
To evaluate the effect of variable lower fish sizes on the
analysis, we selected TS thresholds (SED ⁄Amp mode) of
)58 ⁄)64 dB, )52 ⁄)58 dB and )47 ⁄)53 dB which equal
fish TL of c. 2, 4 and 8 cm according to the TS–TL
relationship of Love (1971). For these small fish, the
correspondence between fish TL and TS was similar for all
three sound frequencies. As also very large fish are not
effectively caught with multi-mesh gillnets having a
maximum mesh size of 55 mm knot to knot (Psuty &
Borowski, 1997), we also tested a maximum size threshold
of 60 cm equivalent to TS values >)30 dB. The 60-cm
threshold was the upper size range representing 99.9% of
all fish caught by the nets.
To account for a potential modification of LMR by the
exclusion of small fish, an additional LMR for fish ‡8 cm
was calculated and integrated into the Sonar5-Pro soft-
ware for the conversion of the hydroacoustically detected
fish echoes into fish biomass. The effect of applying a
minimum fish length threshold of 2 and 4 cm or a
maximum fish length threshold of 60 cm on LMR was
marginal owing to the small number of fish with
minimum and maximum size in the gillnet catches.
Statistics
Biomass caught per unit effort values and hydroacous-
tically derived areal fish biomasses were log10 (x + 1)-
transformed to meet assumptions of bivariate normality
and homogeneity of variances. Sv values (in dB) did not
need to be transformed as they are already on a log-scale
and fulfilled the assumptions for parametric test statis-
tics. Pearson’s product–moment correlations were calcu-
lated to test for the linear relatedness of gillnet BPUE
with either hydroacoustic Sv or areal fish biomass
(kg ha)1).
To predict areal fish biomass from given BPUE
values, ordinary least-squares (OLS) regression was
used with gillnet BPUE as the independent variable
and hydroacoustically derived areal fish biomass as the
dependent variable. We chose OLS regression instead of
model II regression (e.g. major axis regression), because
we aimed to predict areal fish biomasses from gillnet
catches (BPUE). In this case, OLS regression can be used
in model II situations, because it produces fitted values
with the smallest error (Legendre & Legendre, 1998).
However, as the independent variable (BPUE) was also
measured with an unknown error term, we did not
calculate reliability estimates (95% confidence intervals).
Furthermore, the regression lines presented cannot be
used to predict gillnet catches (BPUE) from quantitative
fish biomass estimates derived from hydroacoustics.
Intercepts of the regression lines were tested for a
significant deviation from zero to determine whether
zero catches in gillnets also resulted in the prediction of
zero fish biomass from hydroacoustics.
To test the effects of the different sound frequencies and
pulse durations on the reliability of fish density estimates
(expressed by the Sawada index Nv), we used a general-
ised linear model (GLM) with Nv as the response variable
and sound frequency and pulse duration as factors.
Calculations were made using the R statistical software
package version 2.10.0 (R Development Core Team, 2009).
Results
Benthic gillnet catches
In total, 455 nets caught 21 067 fish representing 35
species from 15 families. Mean number of fish caught in
the lakes was 1170 individuals (SD: 1093; range: 152–
3534). The number of species per lake caught by gillnets
ranged between three and 14. Perch (Perca fluviatilis L.)
and roach [Rutilus rutilus (L.)] dominated the catch in
most lakes (Table 2) and also dominated the overall
gillnet catch (perch: 59.6% of number and 39.3% of
biomass; roach: 24.5% of number and 30.7% of bio-
mass). Mean size of fish caught was 11.3 cm (SD: 6.4)
and 38.5 g (SD: 150.3) with a maximum individual TL
of 88.0 cm and a FM of 6229 g. Minimum TL of fish
caught was 2.0 cm. However, very small (2–4 cm) and
very large (>60 cm) fish were rarely caught (n = 8 and
n = 15, respectively). The overall numerical proportion
of fish <8 cm TL in the gillnet catches was 37.9%, but
differed between the lakes (0–74.9%).
Biomasscaughtperuniteffortvaluesofsinglenetsranged
between 0 and 11.15 kg net)1 night)1 (mean 1.79 kg; SD:
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2.16).Theproportionof emptynets ina lakerangedbetween
0 and 37.5%. In 14 of 18 lakes, the maximumdepth-specific
average BPUE values were observed in the two shallowest
strata (0–5.99 m).
The length–mass relationship (LMR) for all fish cap-
tured in the 18 lakes was
FM (g) = 0.00956 TL (cm)3.033 (r2 = 0.96; P < 0.001;
n = 15 804).
After removing fish <8 cm from the data set, the LMR
changed into
FM = 0.00762 TL3.116 (r2 = 0.97; P < 0.001; n = 10 199).
Hydroacoustics
Mean total Sv averaged )62.8 dB (SD: 10.5) by applying a
minimum length threshold of ‡2 cm TL, )61.1 dB (SD 8.3)
for the fish TL threshold ‡4 cm and )62.1 dB (SD: 8.4) for
the fish TL threshold ‡8 cm. Hydroacoustically derived
areal fish biomass averaged 88.4 kg ha)1 (SD: 150.7) for
fish ‡2 cm, 79.7 kg ha)1 (SD: 131.1) for fish ‡4 cm and
68.3 kg ha)1 (SD: 109.1) for fish ‡8 cm, and biomass
ranged between 1.3 and 318.2 kg ha)1 (only lakes with a
Sawada index Nv < 0.10). Depth strata–specific fish bio-
mass ranged between 0 and 378.3 kg ha)1. There was a
tendency towards higher fish biomass in the shallow
strata relative to deep depth strata, although not as strong
as observed in the gillnet catches. Particularly in deep
lakes, a comparatively high fish biomass was observed at
depths down to 35 m. A high Sawada index (Nv > 0.10)
was found in three lakes (Nordborg, Loweswater and
Rostherne Mere) after applying a TS threshold of )58 dB
(2-cm-long fish), but it remained high in only one lake
(Nordborg) after the TS threshold was raised to )52 dB
(4-cm-long fish) (Table 3). However, removal of these
lakes from the data set did not significantly influence
the correlation strength, and therefore, we kept all lakes in
the analyses. Furthermore, Nv was not influenced by the
use of different sound frequencies (GLM: t = )1.58;
P = 0.14) or pulse durations in our data set (GLM:
t = )1.27; P = 0.22), suggesting unbiased comparison of
the hydroacoustically obtained fish biomass estimates.
Comparison hydroacoustics – gillnet BPUE
We found a highly significant overall correlation between
total Sv and BPUE across the 18 lakes (r = 0.80, P < 0.001;
Fig. 2) with similar correlation strengths for all fish length
thresholds tested (r = 0.77–0.80, n = 18, all P < 0.001;
Table 3). When split into five successive depth strata
(0–2.99 m, 3–5.99 m, 6–11.99 m, 12–19.99 m, 20–34.99 m),
we found a significant correlation between Sv and BPUE
for the shallowest strata for all fish length thresholds
(Table 3). In stratum 3 (6–11.99 m), a significant correla-
tion was only observed if fish echoes from fish <8 cm TL
were ignored. In deeper strata (‡12 m), Sv was not at all
correlated with BPUE (all P > 0.47). These results indicate
that length thresholds had no impact on the correlation,
whereas lake depth contributed substantially to the
overall correspondence between the two types of sam-
pling gear.
The importance of lake depth was confirmed when the
reflected fish echo energy was converted into areal fish
biomass (kg ha)1). The OLS regression between gillnet
Table 2 Species richness (SR) and the two dominant species
(numerical abundance) in the benthic gillnet catches
Lake SR Abundance (%)
Fussing 6 PEF (84.0)
RUR (13.3)
Nordborg 9 RUR (43.0)
GYC (18.1)
Aiguebelette 12 RUR (48.3)
PEF (38.4)
Aydat 7 RUR (52.0)
PEF (31.0)
Bouchet 11 RUR (68.4)
PEF (9.2)
Montriond 7 PHP (59.7)
LES (21.6)
Pavin 6 PEF (75.5)
SAU (10.8)
Glindow 9 PEF (45.3)
RUR (24.3)
Grienerick 11 PEF (52.5)
RUR (32.9)
Roofen 11 PEF (71.7)
RUR (23.0)
Ghirla 6 PEF (57.0)
RUR (28.4)
Mergozzo 14 RUR (60.4)
GYC (15.0)
Longumvatnet 4 PEF (55.8)
SCE (43.0)
Nøklevann 6 PEF (73.0)
RUR (22.2)
Temse 5 PEF (94.7)
CO sp. (3.8)
Fiolen 4 PEF (62.6)
RUR (25.2)
Loweswater 4 PEF (99.1)
ESL (0.4)
Rostherne Mere 3 PEF (84.6)
RUR (15.3)
Species codes (scientific names): CO sp. (Coregonus sp.), ESL (Esox
lucius L.), GYC (Gymnocephalus cernuus L.), LES (Leuciscus souffia
RISSO), PEF (Perca fluviatilis L.), PHP [Phoxinus phoxinus (L.)], RUR
[Rutilus rutilus (L.)], SAU (Salvelinus umbla L.), SCE [Scardinius ery-
throphthalmus (L.)]
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BPUE and areal fish biomass derived from hydroacoustics
was not significant (r2 = 0.19, F = 3.82, P = 0.07, n = 18).
However, OLS became significant if the three very deep
lakes were excluded (y = 3.697 x–0.198, r2 = 0.52, F =
14.18, P = 0.002, n = 15, Fig. 3a). The intercept of this OLS
()0.198) did not differ from zero (t = )0.40, P = 0.70). A
gillnet BPUE of 2 kg net)1 night)1 corresponds to a fish
biomass of 36.8 kg ha)1. However, for gillnet catches
>6 kg net)1 night)1, area-related fish biomass derived
from the regression line was very high (>840 kg ha)1).
If gillnet catches and hydroacoustics data were limited
to the upper two strata (0–5.99 m), the OLS regression was
significant as well (y = 4.090 x–0.896, r2 = 0.66, F = 31.14,
P < 0.001, n = 18). In this case, the deepest lakes did not
deviate from the overall regression line (Fig. 3b). The
intercept was significantly different from zero (t = )2.16,
P = 0.05).Agillnet BPUEof 2 kg net)1 night)1 corresponds
to a fish biomass of 11.4 kg ha)1 for the shallow depth
stratum. At high gillnet catches (>7 kg net)1 night)1), area-
relatedfish biomass derived from the regressionmodelwas
again very high (> 620 kg ha)1).
Discussion
To our knowledge, our study is the first to show a
strong significant correlation between gillnet catch data
and fish biomass estimates obtained by hydroacoustics
collected from a series of lakes varying strongly in
morphometry and trophic status. By applying entire
lakes as sample units, we found a strong log-linear
correspondence between backscattered echo energy (Sv)
from fish and average biomass caught by the gillnets (kg
fish net)1 night)1). After converting the reflected fish
echo energy into areal fish biomass (kg ha)1), the signif-
icant relationship with gillnet BPUE persisted if the three
very deep lakes were excluded. The strength of correla-
tions was independent of the fish length thresholds
applied, but varied across the different depth strata of
the lakes.
The observed discrepancy in correlation strength
between the use of Sv and converted areal fish biomass
demonstrates complications arising from conversion of
the echo target strength into fish total length and the
further conversion of fish length into fish biomass. These
Table 3 Correlation between the log (x + 1)-transformed mean vol-
umetric backscattering strength (Sv in dB) and log (x + 1)-trans-
formed catches from benthic multi-mesh gillnets [BPUE
(kg net)1 night)1)] for five depth strata and the total lake. Depth
strata were defined according to the European standard for sampling
fish in lakes with multi-mesh gillnets. Given are target strength (TS)
and Sv thresholds and the corresponding range of fish lengths (LR)
included in the analyses, Pearson’s correlation coefficient (r) and the
corresponding P-value. Significant correlations (P £ 0.05) are high-
lighted in boldface
TS ⁄Sv
thresholds (dB) LR (cm)
Depth
stratum r P
)58 ⁄)64 2–¥ 1* 0.714 <0.001
2* 0.681 0.002
3* 0.405 0.095
4 0.182 0.550
5 )0.226 0.666
Total* 0.797 <0.001
)52 ⁄)58 4–¥ 1 0.753 <0.001
2 0.654 0.003
3 * 0.430 0.074
4 0.217 0.474
5 )0.224 0.668
Total 0.788 <0.001
)47 ⁄)53 8–¥ 1 0.749 <0.001
2 0.624 0.006
3 0.482 0.043
4 0.195 0.522
5 )0.187 0.720
Total 0.774 <0.001
)47 ⁄)53 8–60 1 0.753 <0.001
2 0.631 0.005
3 0.592 0.010
4 0.182 0.551
5 )0.187 0.720
Total 0.769 <0.001
The number of lakes included in the correlation analyses was 18
(depth strata 1–3), 12 (depth stratum 4) and 6 (depth stratum 5).
*Indicate analyses where lakes with a Sawada index Nv > 0.10 were
included.
Fig. 2 Scatter plot of log(x + 1)-transformed benthic multi-mesh
gillnet catches (kg net)1 night)1) and mean total volumetric back-
scattering strength [Sv in decibel (dB)] from hydroacoustics for 18
European lakes. The correlation was highly significant (Pearson’s
r = 0.80; P < 0.001). The used target strength (TS) ⁄Sv threshold was
)52 ⁄)58 dB, which corresponds to fish ‡2 cm according to Love’s
equation (1971).
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calculations include two steps of uncertainty, particularly
regarding large fish echoes. Typically, abundances of
large fish are low, such that the few large fish echoes do
not contribute substantially to the total backscattered echo
energy. However, the conversion of Sv into a biological
unit (kg fish ha)1) can produce high fish biomass esti-
mates from the few large fish because their SEDs contrib-
ute to the Sv scaling. The occurrence of a few very large
fish can be detected by hydroacoustics, but may go
undetected by gillnets (Psuty & Borowski, 1997), thereby
weakening the relationship between the hydroacoustic
estimates of fish biomass and gillnet BPUE.
According to the results of earlier studies, correspon-
dence of fish abundance estimates between gillnets and
hydroacoustics generally seemed weak (Peltonen et al.,
1999; Dennerline et al., 2012), particularly in deep lakes
(Jurvelius et al., 2011; Achleitner et al., 2012). However,
these studies compared fish catches by gillnets with
hydroacoustically obtained fish densities in single lakes
where fish catches between individual nets can be highly
variable both horizontally (area) and vertically (depth)
(Prchalova´ et al., 2009a; Deceliere-Verge`s et al., 2009) or
they sampled fish assemblages by different gears at
different seasons where different fish assemblages might
be sampled by both gears (Winfield, Fletcher & James,
2007; Bobori & Salvarina, 2010). Therefore, combination of
data from several gillnets and hydroacoustic transects
sampled at short time intervals and by considering the
entire lake as a sample unit, as in our study, reduces the
effect of high temporal and spatial variability of fish
samplings and thus substantially improves between-lake
comparability.
Nevertheless, the strength of correspondence between
the two types of gear declined in the deeper strata of the
lakes. However, although the power of the statistical
correlation was reduced for these analyses owing to the
smaller sample sizes (12 and 6 lakes, respectively), we
suggest that the weaker correspondence was primarily the
result of less precise biomass estimates of pelagically
living fish from benthic gillnets (cf. Deceliere-Verge`s et al.,
2009; Achleitner et al., 2012). At low productivity, the
hypolimnion of European stratified lakes is occupied by
stenothermic coldwater species of the order Salmonifor-
mes (Beier, 2001; Guillard et al., 2006; Mehner et al.,
2007a). The majority of these species are truly pelagic,
although a few have benthic morphs (Kahilainen et al.,
2011). Therefore, they are underrepresented in benthic
multi-mesh gillnet catches (Deceliere-Verge`s & Guillard,
2008), and their relative abundance estimates from pelagic
gillnets are less accurate even if the sampling effort is
higher than a single vertical row of pelagic nets per lake
according to the CEN standard (Achleitner et al., 2012).
However, these fish are reliably detected by vertical
hydroacoustics, because the sound transmitted and hence
the volume of water sampled increase with increasing
water depth. Precision of biomass estimates is even higher
by conducting night-time hydroacoustics because many
pelagic fish perform diurnal vertical migration and
disperse more evenly in the pelagic area at night
(Appenzeller & Leggett, 1992; Mehner et al., 2007b).
In contrast, fish biomass in shallow or highly produc-
tive deep lakes is highest in strata close to the surface,
particularly if environmental conditions at greater depths
(a)
(b)
Fig. 3 Scatter plots and ordinary least-square regression lines
between log(x + 1)-transformed benthic multi-mesh gillnet catches
(kg net)1 night)1) and log(x + 1)-transformed areal fish biomass
(kg ha)1) derived from hydroacoustics for the entire depth range
analysed (surface to bottom; a) and for the upper depth stratum
(0–6 m; b). The three deepest lakes (white circles) were excluded
from the regression analysis for the entire depth range (a), but
remained in the analysis of the shallow depth stratum (b). Given are
the regression equation and the coefficient of determination (r2). The
used target strength (TS) ⁄Sv threshold was )52 ⁄)58 dB, which cor-
responds to fish ‡2 cm according to Love’s equation (1971).
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are less favourable for the fish population (Drasˇtı´k et al.,
2009). Consequently, the highest fish catches by multi-
mesh gillnets usually appear in the upper depth strata
(Lauridsen et al., 2008; Prchalova´ et al., 2009a; this study).
The ratio between the open water and near-benthic
volume of these lakes is often low; hence, catches in
benthic gillnets are representative for the fish assemblage
in these strata. Furthermore, diurnal horizontal migra-
tions of fish between onshore and offshore shallow strata
(Lewin, Okun & Mehner, 2004; Pekcan-Hekim et al., 2005)
are covered by gillnet catches because the nets are set
overnight and there catch the fish during their migration
and activity peaks at dusk and dawn (Prchalova´ et al.,
2010). Nevertheless, the very strong correspondence
between hydroacoustically and gillnet-derived fish bio-
mass particularly for the shallow depth strata was not
expected, since previous studies have revealed that
vertical, downward-looking hydroacoustics underesti-
mates fish abundance in shallow waters (Knudsen &
Sægrov, 2002; Drasˇtı´k et al., 2009). For example, in two of
the study lakes, no fish >8 cm were detected by hydro-
acoustics in the upper depth strata, whereas a few
individuals were caught by gillnets. Accordingly, the
negative regression intercept for fish biomass estimates
from the shallow depth strata (0–5.99 m) was significantly
different from zero, indicating that fish biomass in these
strata may be underestimated by vertical hydroacoustics
even after adding fish biomass from the layer beyond the
near-field dead zone of the transducers (2–3 m) to the
upper blind zone (0–2 m). However, our data also indicate
that if fish are more abundant, vertical hydroacoustics can
produce fish biomass estimates that strongly correspond
with benthic gillnet catches, even for shallow lake depth
strata.
Earlier studies have suggested that correspondence
between hydroacoustics and gillnet-derived fish abun-
dances can be improved if analyses are limited to the size
range of fish that both gears sample efficiently (Mehner &
Schulz, 2002; Dennerline et al., 2012). In general, acoustic
fish length distributions are wider than those obtained by
net fishing gears (Emmrich et al., 2010; Jurvelius et al.,
2011). Consequently, removal from the analysis of fish
from the lower and upper end of the size spectrum might
improve the comparability and correspondence of fish
abundance estimates (Mehner & Schulz, 2002). In our
analyses, however, application of varying fish size thresh-
olds did not significantly affect the results. Although
numerical dominance of small, newly hatched fish may
characterise fish assemblages in lakes during spring and
summer, intermediate-sized fish are dominant in late
summer ⁄early autumn, when sampling took place, owing
to reduced abundance of small fish by growth and high
mortality over the seasons. Consequently, based on our
hydroacoustic observations, fish of 2- to 4-cm total length
which are most likely one-summer-old recruits contrib-
uted on average only 12.2% to the total biomass. Likewise,
very large fish contributed on average only 5% to the
standing biomass because of their low overall abundance.
These calculations further indicate that total biomass of
fish is a less variable descriptor than numerical abundance
for lake fish assemblages. Accordingly, correspondence
between gears is usually stronger in biomass comparisons
(Mehner et al., 2003; Emmrich et al., 2010). This is no
limitation since information on trophic interactions and
energy budgets of lakes requires biomass estimates of
trophic variables (Jeppesen et al., 1998), and the corre-
spondence between trophic state or productivity of lakes
and their fish assemblages is usually also stronger for
biomass than for abundance units (Hanson & Leggett,
1982; Garcia et al., 2006).
Although our data fit best to linear models, the general
log-linear relationship between gillnet CPUE and absolute
fish biomass may become biased at very high fish
densities (Linløkken & Haugen, 2006; Prchalova´ et al.,
2011). Maximum catch capacity of the standardised
benthic multi-mesh gillnets has been estimated to
11 kg net)1 (Prchalova´ et al., 2011). During our samplings,
only three of 455 nets caught more than 10 kg fish,
suggesting that our gillnet catch data were not strongly
biased by saturation effects. However, we cannot exclude
the possibility that the linear pattern might change if more
lakes with very high fish densities are included. Our
regression lines for the prediction of fish biomass from
relative gillnet catches also suggested reduced reliability
at high fish densities, because an average gillnet catch of
>6 kg net)1 night)1 predicts areal fish biomasses >600
kg ha)1 which are rarely observed in stratified natural
European lakes.
The results of our comparative approach are encourag-
ing and support the more frequent application of vertical
hydroacoustics for the quantification of fish biomass in
stratified lakes. Survey designs combining hydroacoustics
and limited gillnetting at sampling dates with short time
intervals, the latter for inventory sampling only (i.e.
apportionment of species data from gillnet catches to
hydroacoustic data) rather than CPUE calculations, offer a
cost-effective strategy for sampling lake fish assemblages.
This approach is particularly appropriate because gillnet-
ting can create ethical problems or conflicts with interests
of local recreational fisheries.
In turn, standardised gillnet sampling by benthic nets in
moderately deep lakes may be used to roughly predict
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areal fish biomasses according to our regression equa-
tions. Whether the equation derived for the upper depth
strata can be applied to shallow, polymictic lakes as well
deserves further studies. Furthermore, gillnet sampling
seems not to provide sufficiently reliable relative fish
density estimates in very deep lakes with separate,
pelagic-dwelling fish assemblages irrespective of whether
the full set of benthic nets is used or is supplemented with
pelagic nets required to sample fish in deep lakes (>10 m
maximum depth) even if the sampling effort is higher
than proposed by the European gillnet standard EN14757
(CEN, 2005; Deceliere-Verge`s & Guillard, 2008; Achleitner
et al., 2012). To comply with the requirement for quanti-
tative information on pelagic lake fish assemblages (Lau-
ridsen et al., 2008), representative sampling should be
conducted using active sampling gears that are more
efficient and give more accurate estimates on fish abun-
dance (Haakana & Huuskonen, 2008; Jurvelius et al.,
2011). It has already been demonstrated that catches from
these gears are comparable to those obtained by hydro-
acoustics if sampling systems are sufficiently developed
(Emmrich et al., 2010).
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a b s t r a c t
Reliable information on fish stocks is given crucial importance in fisheries science and ecosystem man-
agement. Among others, the EuropeanWater FrameworkDirective calls for consistent samplingmethods
that provide comparable and reproducible results. However, the standardized sampling of fish in lakes by
gillnets is conducted by low effort only in the pelagic areas, thus potentially not reflecting between-lake
variability in fish density. Here, we compared two additional fishing methods, hydroacoustics and mid-
water trawl sampling, to estimate pelagic coregonid densities in two deep lakes. Night-time trawlingwas
conducted in four different depth layers and comparedwith the simultaneously obtained abundance and
biomass estimates from echo recordings. Overall areal fish biomass from both methods corresponded
to each other (R2 =0.40), with slope and intercept of major axis regression not differing from unity.
However, we found differences in estimates for the deepest layers fished, and for very small and the
largest coregonids, most likely to be explained by the specific technological details of either method. Our
study supports that either hydroacoustics or trawl sampling should accompany gillnet fishing tomonitor
pelagic fish assemblages. Because both methods result in estimates of absolute fish densities per volume
or area, their applicationmay uncover subtle responses of fish assemblages to anthropogenic disturbance
in deep lakes.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Reliable information on fish stocks is given crucial importance
in fisheries science and ecosystem management (Cowx, 1996;
Hoggarth et al., 2006). Consequently, this demand promotes a con-
tinuous improvement of survey designs including application of
various gears for freshwater fish sampling (Appelberg et al., 1995;
Frouzova et al., 2005; Adams et al., 2006; Guillard and Vergès,
2007). A combination of different gears seems to be most promis-
ing to gain a ‘true picture’ of lake fish stocks, in particular if several
gears produce similar results from the same habitat (Kubecˇka et al.,
2008).
The European Water Framework Directive (WFD; 2000/60/EC)
calls for consistent samplingmethods that provide comparable and
reproducible results. According to theprotocol EN14757 (European
Committee for Standardization (CEN), 2005), lakes have to be sam-
pled with benthic multi-mesh gillnets. The fishing effort of this
stratified sampling design increases systematicallywith lake depth
∗ Corresponding author. Tel.: +49 30 64181 609; fax: +49 30 64181 750.
E-mail address: emmrich@igb-berlin.de (M. Emmrich).
1 Current address: Norwegian Institute for Nature Research - NINA, NO-7485
Trondheim, Norway.
and area. Lakes exceeding maximum depths of 10m should addi-
tionally be sampled with only one row of pelagic gillnets placed
over the deepest location. The effort of pelagic gillnet sampling
is fixed and hence independent of lake morphometry. Accord-
ingly, the voluminous hypolimnetic areas of deep lakes are poorly
covered by the standardized gillnet sampling schemes (Deceliere-
Vergès and Guillard, 2008).
The pelagic habitats of European temperate deep lakes are
usually dominated by fish species of the order Salmoniformes
(charr, Salvelinus spp.; trout, Salmo spp.; coregonids, Coregonus
spp.) (Persson et al., 1991; Beier, 2001; Mehner et al., 2007a).
These sensitive species display indicator functions, as they aremost
vulnerable to environmental degradations (Müller, 1992; Rask et
al., 2010). The numerical proportion of pelagic fish often by far
exceeds the contribution of littoral and profundal species to the
lake-wide fish abundance (Deceliere-Vergès and Guillard, 2008).
Consequently, adequate sampling of the pelagic areas is needed in
particular when evaluating the ecological integrity of deep lakes
based on their fish assemblages.
Hydroacoustics and sampling by active gear, for example trawls,
are potential additional methods to monitor pelagic fish assem-
blages (Jurvelius et al., 2005; Simmonds and MacLennan, 2005;
Doroszczyk et al., 2007; Schmidt et al., 2005; Kubecˇka et al., 2008).
However, trawling is still less frequently applied in freshwater fish-
0165-7836/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.fishres.2010.05.001
M. Emmrich et al. / Fisheries Research 105 (2010) 178–186 179
ery science, as it is associated with relatively high sampling effort
and requests sophisticated equipment.
Combined surveys of hydroacoustics and pelagic trawling may
offer extended information on fish abundances and biomass
(Argyle, 1992), because both methods complement each other by
balancing their individual drawbacks. Hydroacoustics provide the
most comprehensive data sets on pelagic fish densities (Elliott and
Fletcher, 2001) including a general view of the overall existing size
spectrum (Coll et al., 2007). In contrast, trawling provides informa-
tion on the fish stock’s species composition and length distribution
(Bethke et al., 1999). However, the correspondence between fish
densities obtained by either hydroacoustics or pelagic trawling is
usually poor (Jurvelius et al., 2005; Mason et al., 2005; Stockwell et
al., 2007). Therefore, it remains questionable whether themethods
can substitute each other if financial or technological constraints
prevent their simultaneous application.
Here, we tested if hydroacoustics and pelagic trawling results
in comparable fish densities if operated in lakes whose pelagic fish
assemblages are dominated only by coregonids. Coregonids are the
most frequently occurring pelagic species in deep, nutrient-poor
lakes of Central andNorth Europe (Mehner et al., 2007a). In general,
coregonid speciesdisperse fromdenseaggregations atdaytime into
nearly stochastic spatial distributions within the pelagic layers at
night (e.g. Coregonus albula (L.): S´wierzowski, 2001; Schmidt et al.,
2005, Coregonus lavaretus (L.): Gjelland et al., 2009, Coregonus hoyi
(Milner): Brandt et al., 1991, Coregonus artedi Lesueur: Milne et al.,
2005). This behaviour makes them both easily detectable as sin-
gle echoes by night-time hydroacoustics and directly accessible to
night-time trawl sampling. We included hydroacoustic data and
concurrent trawl catches from 16 night-time surveys, sampled in
twodeep lakeswithdiffering trophic levels over four years. The aim
was to compare density estimates from hydroacoustics and trawl
sampleswith respect to sampling depth and size of fish caught. Fur-
thermore, we evaluated whether a similar lake-wide estimate of
pelagic fish biomass can be obtained by both sampling approaches.
2. Methods
2.1. Study area
Our study was conducted at Lakes Stechlin and Breiter Luzin.
Lake Stechlin (53◦10′N; 13◦02′ E) is an oligo-mesotrophic lake sit-
uated approximately 120km north of Berlin, Germany. The deep
(max. 69m) dimictic lake has a mean depth of 22.8m and a sur-
face area of 430ha. A total of 13 fish species inhabit the lake.
The hypolimnetic fish community consists almost exclusively of
European vendace (C. albula (L.)) and the endemic Fontane cisco
(Coregonus fontanae Schulz & Freyhof) (Mehner and Schulz, 2002;
Helland et al., 2007). Roach (Rutilus rutilus (L.)), bleak (Alburnus
alburnus (L.)) and perch (Perca fluviatilis L.) occasionally occur in
the epipelagic layers (Anwand et al., 2003).
Lake Breiter Luzin (53◦20′N; 13◦28′ E), a mesotrophic lake of
345ha with a maximum depth of 58.3m (mean depth 22.3m),
is also inhabited by a species pair of coregonids. Vendace and
the endemic cisco Coregonus lucinensis Thienemann dominate the
pelagic community and coexistwith a lownumber of other species,
mainly perch, roach and bleak (Waterstraat et al., 2003).
2.2. Data sampling and analyses
Hydroacoustic data and catches from concurrent trawl hauls
from 16 night-time surveys, conducted over four years and includ-
ing ten months (see Appendix A), were incorporated in this study.
All samplings started at least 90min after sunset when fishes had
dispersed in the pelagic layers.
2.2.1. Hydroacoustics
A SIMRAD EY-60 split beam echo sounder (SIMRAD; Kongsberg,
Norway) operating at a frequency of 120kHz was used during all
surveys. The settings of the circular transducer (type ES 120-7C)
with a nominal beam angle of 7◦×7◦ were kept identical: pulse
duration 256s, sample interval 0.047m and receiver bandwidth
8.71kHz. Pulse intervalwas set to 0.3 s and transectswere recorded
at a boat speed of 6±0.81kmh−1 on average (±standard deviation
(SD)). Dependingon themeanwater temperature, sound speedwas
adjusted according to the equation implemented in the SIMRAD
software. Calibrationwas performed twice in 2005 and during each
sampling campaign in the years 2006, 2008 and 2009 in accordance
to the SIMRAD operator manual using a 23mm standard copper
sphere with reference target strength of −40.44dB at 120kHz.
The hydroacoustic survey design consisted of five non-overlapping
transects that crossed the deepest central and northern basins of
LakeStechlinandsevennon-overlappingparallel transects crossing
the deepest central part of Lake Breiter Luzin.
Echo recordings were stored on a computer and the files were
later analyzed using the Sonar 5Pro software (version 5.9.7; Balk
and Lindem, 2007). Only file segments exceeding 30mwater depth
were included in the analyses which resulted in a cumulative tran-
sect length of 3 km on average for Lake Stechlin. In May 2005
and June 2009, only four transects (2.5 km) could be recorded due
to technical problems. Cumulative transect length of Lake Breiter
Luzin was 4km on average.
For echo post-processing, transects were split into four layers of
5m thickness each (opening height of the trawl±1m) analogous
to the towed trawl depths (see Fig. 1, Appendix A). Each layer was
analyzed separately by converting the volumetric backscattering
strength (Sv) into volumetric densities (Dvol: fish 1000m
−3) and
area densities (Darea: kgha−1). Additionally, we analyzed the fish
density in the total pelagic volume from 10m to 35m depth to
compare it with the interpolated catches of each trawl campaign
(see Section 2.2.2, Fig. 1). To exclude distorting non-fish echoes (e.g.
from air bubbles induced by wind), lower thresholds during post-
processing were set to −66dB Sv and −60dB target strength (TS).
TS frequency of single echo detection (SED) was categorized into
four different size classes between−55 and−35dB (step 5dB), thus
covering a fish length spectrum of 4–25 cm (Mehner, 2006). This
length range reflects the minimum size that could be theoretically
caught by the trawl and themaximum size of coregonids occurring
in the two lakes observed in previous studies (Mehner and Schulz,
2002; Scharf, 2007). As almost 90% of all trawl catches exclusively
consisted of coregonids, we assume that all pelagic fish echoes in
the two lakes resulted from coregonids.
Fish-size determination of the detected single echoeswas based
on the specificTS-length regression forvendace: TS (dB) =25.5 log10
(TL (cm)) −70.9 (Mehner, 2006).
2.2.2. Trawling
Concurrent trawling was carried out by a two-man crew on a
separate boat (length 7m, width 2m) which was driven by a 60hp
outboard engine. The black-coloured midwater trawl has a total
lengthof14.8m(stretchedon land)withanopeningareaof approx-
imately 10m2 (opening width 3.5m) during towing process and
mesh sizes of 28mm (knot to knot) in the frontal part, 20mm in
the middle and 10mm in the cod-end (further details see Fig. 2).
Trawling speed (mean± SD) was 6.5±0.6 kmh−1 (1.8±0.2ms−1).
Toweddistance, as theproduct of trawling speedand trawling time,
ranged between 500m and 1600m (mean 840m) at Lake Stechlin
and between 1000m and 1900m (mean 1400m) at Lake Breiter
Luzin. Towing time (±SD) was 7.8min (±1.9) on average at Lake
Stechlin and 13.3min (±1.7) at Lake Breiter Luzin. Fishing was
performed longitudinally in the deepest basins of both lakes, thus
crossing thehydroacoustic transects.Duringeachsurvey, fourhauls
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Fig. 1. Echogram (single-echo-detection mode) of the fish distribution in Lake Stechlin (June 2008). Solid lines border the analyzed pelagic volume (i.e. 10–35m). Dashed
lines represent the depths where trawling was conducted (layers of 5m thickness; i.e. opening height of the trawl±1m).
at different depths were performed separately at approximately
12m, 15m, 25m and 32m (mean± SD: 12±0.65m, 15±1.09m,
25±2.08m and 32±0.90m). Deeper hauls could not be performed
due to the limited spatial extension of water layers withmore than
35m depth. A diving computer mounted on the trawl’s head rope
recorded the actual sampling depth. The depth variability during
each tow never exceeded 3m. At the end of each haul, the trawl
was quickly lifted by hydraulic winches at speeds comparable to
the trawling speeds, thus preventing escapement of fish from the
net. Due to technical problems, trawl data from 32m depth in Lake
Stechlin (August 2005) and data from 15m trawl depth in Lake
Breiter Luzin (April 2008) were missing.
Fishes were measured to the nearest millimetre (standard
length (SL), TL or both) and weighed to the nearest gram wet mass
(wm). Random subsamples of approximately 2kg were processed
from four big catches (from trawling depths 10–13m and 14–17m,
Lake Breiter Luzin, 2008; 2009, see Appendix A) and their size
compositions were extrapolated to the total catch. To standard-
ize all length and weight data from the 16 sampling campaigns,
we converted, if necessary, SL into TL using the regression for-
mula for vendace: TL =1.206× SL−0.429 (n=933, R2 =0.99). If fish
weights were only incompletely recorded, the weights were cal-
culated from lengths according to the length–weight regression:
W=0.00507×TL3.089 (Mehner et al., 2003).
Volumetric fish densities (fish 1000m−3) were calculated by
dividing the number of fishes caught during each haul by the towed
volume of the trawl net (product of the towed distance and the
opening area of the net). Areal biomass (kgha−1) was obtained
by dividing the total weight of the catch by the product of the
towed distance and the opening width (3.5m) of the trawl net. To
test if our trawling design provided pelagic biomass comparable
to those from hydroacoustics, we interpolated the layer-specific
trawl catches to the total pelagic volume (i.e. from 10m to 35m
depth) by adding the calculated biomass from the adjacent layers
in which trawling was conducted. In cases of slightly overlapping
layers, biomass was subtracted analogously.
To analyze whether density estimates were sensitive to differ-
ing fish sizes, SEDs from hydroacoustics and trawl catches were
split into four size groups: −55 to −50dB (4–6.5 cm TL), −50
to −45dB (>6.5–10 cm), −45 to −40dB (>10–16 cm) and −40 to
−35dB (>16–25 cm). Furthermore, the total size-frequency distri-
butions obtained from all fishes caught by the trawl (TL converted
to TS) and all SEDs recorded by hydroacoustics were plotted. Mean
length of fishes from SEDs were calculated from mean TS of each
layer from all transects and converted into TL according to the
equation of Mehner (2006).
2.3. Statistics
For an approximation to normal distribution and homoscedas-
ticity, the density data were log10 or log10(x+1) transformed.
Subsequent one-sample Kolmogorov–Smirnov tests and Levene
tests indicated normal distribution and homogeneity of variances
(P>0.05).
We used major axis regressions (MAR) to test for coherency
between volumetric or areal densities of both sampling gears,
because ordinary least-square regressions are not appropriate
if both variables are estimated with an unknown error term
(Legendre and Legendre, 1998). If a linear relationship was
observed, depth-specific volumetric densities and areal densities of
thedifferent size classeswere tested for commonslopesandagainst
the 1:1 fit (slope=1, intercept =0) which would indicate a per-
fect correspondencebetweenhydroacoustic and trawlingdata. This
procedure is in principal identical to the conventional ANCOVA that
Fig. 2. Schematic view of the trawl net.
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compares slopes and intercepts of ordinary least-square regres-
sions. Total areal biomass (kgha−1) was also tested for differences
in the slope and intercept against the 1:1 fit. For more statistical
details of MAR see Warton et al. (2006).
To test for differences between the length–frequency distri-
butions from hydroacoustics (SED) and trawling, we used the
two-sample Kolmogorov–Smirnov test. All statistical calculations
were performed using the R software (R Development Core Team
Version 2.10, 2009) including the packages “lmodel2” (version
1.6.3) and “smatr” (version 2.1). The level of significance was set
to ˛=0.05.
3. Results
In total 24,398 coregonids were caught during the trawl cam-
paigns, and number of single echo detections (SED) for the total
pelagic volume (10–35m) was 231,975. Overall areal fish biomass
in thepelagic area (depth range10–35m)was comparable between
hydroacoustics and trawl catches (Fig. 3, R2 =0.40, P=0.009). The
slope (0.69; 95% confidence interval: 0.27–1.35) and intercept
(0.73; 95% confidence interval: −0.36–1.40) of the MAR line on
log10 transformed values did not differ significantly from the 1:1
fit (slope: r=−0.30, P=0.26; intercept: t=1.97, P=0.07), although
there was a trend to overestimate fish biomass by the trawl par-
Fig. 3. Scatter plot of log10 transformed total areal fish biomass (kgha
−1) from
Lake Stechlin (filled circles) and Lake Breiter Luzin (empty circles) obtained by
hydroacoustics or depth-stratified trawl catches. The plot includes the major axis
regression line (straight line, with R2 and P-value given in addition) and 1:1
fit (dashed line).
Fig. 4. Scatter plots of depth-specific log10 transformed volumetric fish densities (fish 1000m
−3) from Lake Stechlin (filled circles) and Lake Breiter Luzin (empty circles),
obtained by hydroacoustics or trawl catches in 12m (a), 15m (b), 20m (c) and about 32m (d). All plots include the major axis regression line (straight line, with R2 and
P-value given in addition) and 1:1 fit (dashed line).
Table 1
Statistical details of major axis regressions between log10 transformed volumetric fish densities (fish 1000m
−3) from Lakes Stechlin and Breiter Luzin obtained by hydroa-
coustics or trawl catches in four different depths. Slopes and intercepts are given with their 95% confidence intervals.
Depth layer (m) R2 P-value Slope 95% CI Intercept 95% CI
Lower Upper Lower Upper
12 0.52 0.002 0.746 0.439 1.054 0.539 0.078 1.000
15 0.58 0.001 0.886 0.516 1.256 0.386 −0.161 0.932
20 0.27 0.04 1.664 −0.364 3.693 −0.091 −1.636 1.453
32 0.02 0.87 52.130 1.567 −4.232 −36.029 4.247 −1.355
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Fig. 5. Scatter plots of size-specific log10 transformed areal fish biomass (log10 (x+1) kgha
−1) fromLake Stechlin (filled circles) and Lake Breiter Luzin (empty circles), obtained
by hydroacoustics or trawl catches for fishes <6.5 cm (a), 6.5–10 cm (b), 10–16 cm (c) and >16 cm (d). All plots include the major axis regression line (straight line, with R2
and P-value given in addition) and 1:1 fit (dashed line).
ticularly at lower fish densities. This was similarly supported from
the original (not-transformed) data. On average, the biomass esti-
mates from hydroacoustics were 25% lower in comparison to the
trawl catches.
Similarly, depth-specific volumetric abundances estimated by
trawling and hydroacoustics were significantly linearly correlated
to each other except for the deepest layer operated by the trawl
(32m) (Fig. 4 and Table 1). The slopes of theMAR lines of the upper
three layers (12m, 15m and 20m) did not differ significantly from
the 1:1 fit (12m: r=−0.30, P=0.26, Fig. 4a; 15m: r=−0.14, P=0.61,
Fig. 4b; 20m: r=0.31, P=0.24, Fig. 4c). Furthermore, the slopes of
these three upper trawl depths (Table 1) were not significantly dif-
ferent fromeach other (Bartlett corrected likelihood ratio (LR) =2.4,
P=0.30), and the common slope estimate was 0.89 (95% confi-
dence interval: 0.613–1.293). In contrast, the slope of the MAR line
from the deepest layer (Fig. 3d and Table 1) significantly differed
from those of all other regressions (LR=13.58, P=0.004, pairwise
Bonferroni-adjusted comparisons P≤0.001). The intercepts of the
MAR line from the upper three sampling depths likewise did not
differ significantly from zero (12m: t=2.0, P=0.06, Fig. 4a; 15m:
t=1.4, P=0.19, Fig. 4b; 20m: t=−0.16, P=0.87, Fig. 4c). How-
ever, the volumetric fish abundances obtained by trawling slightly
exceeded those obtained by hydroacoustics in themajority of sam-
plings (Fig. 4).
By splitting the total fish biomass into separate estimates
for the four size classes, it became obvious that the esti-
mates for fishes >6.5 cm TL provided comparable results (Fig. 5
and Table 2). Estimates by hydroacoustics and trawl were sig-
nificantly linearly correlated, indicated by slopes not differing
from one (6.5–10 cm TL: r=0.23, P=0.40, Fig. 5b; 10–16 cm TL:
r=0.42, P=0.22, Fig. 5c; >16 cm TL, r=0.14, P=0.61, Fig. 5d).
There was no difference between these MAR slopes (LR=0.35,
P=0.84), and the common slope estimate for these three size
classes was 1.39 (95% confidence interval: 0.878–2.375). Trawl
catches estimated higher biomasses than hydroacoustics for
fishes >6.5 cm in most cases (Fig. 5), but the intercepts of MAR
did not differ from zero (6.5–10 cm: t=0.63, P=0.54, Fig. 5b;
10–16 cm: t=0.42, P=0.68, Fig. 5c; >16 cm: t=0.19, P=0.85,
Fig. 5d). In contrast, there was no correspondence between
hydroacoustics and trawl catches for fishes <6.5 cm TL (Fig. 5a,
Table 2).
The size-frequencydistribution of fishes caught by the trawl and
the single echo detections from hydroacoustics differed consider-
ably (Fig. 6, KS-test Z=3.00, P<0.001). However, themean fish-size
was comparable (trawl catches 11.4 cm, hydroacoustics 12.4 cm
(−43dB)). Fishes exceeding 21.5 cmTLwere not at all caught by the
trawl (Fig. 6), although their occurrence in thepelagic areawas indi-
cated by hydroacoustics (2.3% of all SED). Similarly, the frequency
Table 2
Statistical details ofmajor axis regressionsbetween log10 transformedarealfishbiomass (log10 (x+1) kgha
−1) fromLakesStechlin andBreiter Luzinobtainedbyhydroacoustics
or trawl catches for four different fish sizes. Slopes and intercepts are given with their 95% confidence intervals.
Size class (cm) R2 P-value Slope 95% CI Intercept 95% CI
Lower Upper Lower Upper
<6.5 0.05 0.38 4.756 1.040 −2.728 −1.566 1.288 −0.149
6.5–10 0.38 0.01 1.340 0.642 3.459 0.183 −1.127 0.615
10–16 0.26 0.04 1.707 0.700 9.969 0.221 −5.380 0.903
>16 0.33 0.02 1.215 0.509 3.505 0.044 −1.048 0.380
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Fig. 6. Target strength (dB)-frequency distributions of hydroacoustic single echo
detections and size-frequency (cm) distribution of fishes from the trawl catches.
Relationshipbetween target strength andfish total length is basedon the conversion
formula of Mehner (2006).
of fishes <6.5 cmwas higher in hydroacoustic estimates than in the
trawl catches.
4. Discussion
Our study shows that estimates of pelagic coregonid densities
in two deep lakes by two different methods yielded comparable
results. The recorded pelagic fish biomass ranged between 4.4 and
166kgha−1 depending on lake, sampling gear and season. Nev-
ertheless, we found a significant correlation (R2 =0.40) between
the simultaneously operated trawl catches and the pelagic fish
biomass calculated from hydroacoustics. However, in the direct
depth-specific comparison, a trend for higher volumetric fish den-
sities obtained by the trawl than by hydroacoustics was detected.
With increasingwater depth this difference increased. As indicated
by differing length–frequency distributions from the echo record-
ings and trawl catches, medium-sized fishes were slightly more
frequent in the trawl catches,whereas frequenciesof very small and
very large coregonids were underestimated by the trawl, relative
to hydroacoustic SEDs.
Our results from these two coregonid-dominated systems indi-
cate that pelagic areal fish biomass can reliably be estimated by
either method. The good agreement found here contradicts ear-
lier comparative studies in which a rather poor correspondence
between trawl catches and hydroacoustic estimates was found
(Jurvelius et al., 2005; Mason et al., 2005; Stockwell et al., 2007).
In most of these studies, biomass estimated from trawl catches
were substantially lower than those calculated from hydroacous-
tic surveys. One reason for comparatively high trawl catches in our
studymay be found in the details of trawl operation. It has recently
beendemonstrated thatmany coregonids can escape the trawl dur-
ing lifting when the vessel stops (Schmidt, 2009). In contrast, our
trawling technology allowed lifting the net during the towing runs
without completely stopping the boat, thus keeping the speed of
netmovement constantuntil thenethad reached thewater surface.
A similarly good correspondence of trawl catches and hydroacous-
tic fish density estimates has been documented from numerous
surveys conducted in Lake Superior (North America) (Yule et al.,
2009). These authors predicted pelagic catches as the product from
acoustically obtained fish densities with the volume swept by each
trawl haul. The predicted fish densities were almost identical to
those observed from trawl catches (Yule et al., 2009). This study
and our results thus confirm that both methods can give reliable
pictures of lake-widepelagic fishdensities in deep lakes, if the tech-
nological details of active sampling and hydroacoustic surveys are
sufficiently developed.
However, we found lower correspondence between bothmeth-
ods for very small and the largest coregonids, and detected strong
discrepancies of density estimates in the deepest layers (>30m)
sampled. We suspect, that the high net speed during lifting, as
described above, results in a continued efficient catch of fish even
during the upwards movement. This could explain the highly vari-
able catches from deep layers at almost identical hydroacoustic
density estimates. Because the coregonids in Lakes Stechlin and
Breiter Luzin perform diel vertical migrations and are thus concen-
trated in the layers just below the thermocline at night (Mehner et
al., 2007b; Scharf et al., 2008), the trawl is moved through the lay-
ers with highest fish densities during the lifting process from deep
layers. This may have caused erroneously high catches, and can be
prevented only by applying nets than can be closed already at the
sampling depth.
The size selectivity of trawl catches as found in our study has
been described elsewhere (e.g. Mous et al., 2002). Our trawl net
withmeshsizes in thecod-endof10mmknot toknot sampledcore-
gonids efficiently only within a size range of 6.5–17.5 cm. Smaller
fishes certainly have escaped from the cod-end, similar to the low
efficiency of small-mesh gillnets (<10mm) to catch coregonids
(Mehner and Schulz, 2002). Jurvelius et al. (2005) reported a simi-
lar pattern of underestimating abundances of small (<8 cm) smelt
(Osmerus eperlanus L.) in catches by a trawl with 10mmmesh size.
Generally, however, smallermesh sizes than 10mm in the cod-end
could not be used because then the maximum achievable trawl
speed would have decreased dramatically which in turn leads to a
lower catchability of larger fishes (Mous et al., 2002).
Themaximum size of coregonids caught by our trawl hauls was
21.5 cm TL, although SEDs with TS equivalent to fishes up to about
30 cmwere recorded by hydroacoustics. This lower catch efficiency
of the trawl for the largest coregonids may be explained by size-
dependent swimming speeds relative to the operation speed of
the trawl. Schmidt (2009) found mean swimming speeds of ven-
dace up to 2.4ms−1 in the mouth of a trawl net. Burst speeds of
about 2ms−1 can be calculated for 20 cm long fish according to
published equations (Wolter and Arlinghaus, 2003). Because abso-
lute swimming speed increases with body length (e.g. Peck et al.,
2006), predominantly larger vendace are able to escape capture as
mean towing speed was about 1.8ms−1 in our study. A compara-
ble underestimation of larger fish in active gearswas found in other
trawl surveys targeting vendace (Schmidt, 2009) or multi-species
stocks (Kemper and Raat, 1997).
These size-related constraints have to be taken into account
also when comparing the overall length–frequency distributions
between the SEDs and the trawl catches. Although the mean size
calculated from both methods was almost identical, there was a
disproportionally higher occurrence of fishes between 12.5 and
16.5 cm in the trawl catches, whereas echoes from very small and
very large fishesweremore frequent in the hydroacoustic observa-
tions. Technological constraints of echo detection may account for
someof the deviations. A full correspondence between SED andfish
length can be obtained only if the horizontal orientation of fish is
always perfectly perpendicular to the acoustical beam (Simmonds
and MacLennan, 2005). In all cases where fish are tilted relative to
the acoustical beam, their TS will be smaller than predicted by fish
length (Cˇech and Kubecˇka, 2002; Frouzova et al., 2005). Records
from tilted fish are particularly likely when fish have to balance
changes in buoyancy during vertical migrations (Eckmann, 1991;
Torgersen and Kaartvedt, 2001; Cˇech and Kubecˇka, 2002). There-
fore, we cannot exclude that the smoothed frequency distribution
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of SEDs relative to that of fish caught by the trawl is caused in part
by the highly variable TS records obtained from tilted fish. Com-
parable to our results, Mason et al. (2005) calculated similar mean
fish lengths from hydroacoustics and midwater trawling, and the
length–frequency distribution derived from hydroacoustic target
strengthswas smoothedwithout the single peaks representing cer-
tain size classes as found in the trawl catches. Accordingly, length
distributions based on acoustic measurements are less precise in
comparison tonet-basedapproaches (Godlewskaand S´wierzowski,
2003).
There are two potential advantages if midwater trawl catches
and hydroacoustics can substitute each other in estimating the
pelagic fish densities in deep lakes. First, it will only rarely be
possible to conduct simultaneous trawl and hydroacoustic surveys
over a large range of lakes due to constraints in manpower and
finances. At least for pelagic fish assemblages dominated by one
species or an assemblage mixture composed of species with simi-
lar habitus such as vendace and smelt, large-scale patterns of fish
densities can be compared across a variety of deep lakes, even if
some density estimates have been obtained by trawl and others by
hydroacoustics. Second, either one of the methods may be applied
in addition to the standardized fishing by pelagic gillnets required
by the EU-WFD. Despite the importance of incorporating infor-
mation from pelagic habitats in analyses (Diekmann et al., 2005;
Lauridsen et al., 2008; Mehner, 2010), data from pelagic gillnet
catches should only be used to provide qualitative information on
fishstocks (CEN,2005). The relativeabundances (expressedasCPUE
data) often do not correlate with the more extensive quantitative
data obtained by hydroacoustics (Peltonen et al., 1999) or trawl-
ing (Olin and Malinen, 2003). Even in deep, nutrient-poor lakes,
pelagic gillnets provided no additional qualitative information (for
example with respect to species richness) since the pelagic area
is usually dominated by salmonids, that are caught by the benthic
nets as well (Diekmann et al., 2005; Deceliere-Vergès and Guillard,
2008). However, the abundance of pelagic salmonids is sensitive
to anthropogenic disturbance (Brämick et al., 2008). Coregonids
usually decline in response to increasing nutrient levels of lakes
(Persson et al., 1991; Eckmann and Rösch, 1998). This decline of
coregonid densities over a gradient of lake productivity was only
moderately well reflected by a combination of catches from ben-
thic and pelagic gillnets (Garcia et al., 2006; Mehner et al., 2008).
Hence, additional sampling with active gears or hydroacoustics in
coregonid-dominated lakes seems to be advantageous for under-
standing the potentially subtle response of lake fish assemblages
to anthropogenic stressors (Kubecˇka et al., 2008).
5. Conclusion
Night-time hydroacoustics and stratified trawl sampling
are adequate approaches to monitor pelagic fish densities in
coregonid-dominated lakes. Both methods can provide compara-
ble information on areal fish densities in the pelagic zone, if their
techniques, applications and data analyses are well developed.
Information on pelagic fish densities can be additionally incorpo-
rated into the assessment procedure to define the ecological status
of deep coregonid-dominated lakes as stipulated by the WFD. In
multi-species systemswhere information on species contributions
and detailed size spectra are needed, a combination of hydroacous-
tics with trawl catches is favoured (cf. Mason et al., 2005).
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Appendix A.
Summary of the trawl surveys conducted at Lakes Stechlin and
Breiter Luzin.
Lake Month/year Trawl
depth (m)
Towed
distance
(m)
Fishes
(n)
Mass
(g)
Stechlin March 2005 10–13 817 136 3035
16–19 817 97 1920
20–23 680 383 4490
31–34 840 903 8860
April 2005 10–13 1283 252 3530
13–16 817 90 520
20–23 907 72 330
31–34 1050 155 1240
May 2005 10–13 817 91 1680
13–16 933 65 640
21–24 620 85 570
31–34 747 82 530
June 2005 12–15 933 578 11,550
13–16 1050 546 9600
25–28 813 82 700
30–33 747 222 1780
July 2005 10–13 933 644 4630
13–16 817 693 6690
22–25 800 350 4430
31–34 800 188 2220
August 2005 10–13 1050 764 8760
13–16 1050 511 5660
23–26 800 36 290
29–32 – – –
September 2005 11–14 933 830 3860
14–17 933 1086 6760
25–28 800 168 2200
29–32 700 194 2540
October 2005 11–14 817 116 2540
13–16 817 424 7020
24–27 600 105 1820
29–32 500 91 1050
November 2005 11–14 817 80 519
16–19 817 464 9390
24–27 600 195 2150
30–33 600 192 1850
December 2005 11–14 700 394 5420
13–16 700 203 3560
24–27 600 145 1520
31–34 500 116 1000
June 2006 11–14 933 525 4190
14–17 700 57 620
24–27 700 79 730
30–33 700 102 880
June 2008 10–13 1200 289 5310
14–17 1600 346 7420
27–30 1200 27 250
32–35 1100 81 1380
June 2009 11–14 1300 329 5730
14–17 1050 242 3570
22–25 500 19 220
30–33 800 41 390
Breiter Luzin April 2008 10–13 1633 103 1170
14–17 – – –
23–26 1300 1099 9270
30–33 1300 177 2280
August 2008 10–13 1633 2131 23,840
14–17 1867 2019 24,050
23–26 1300 223 4260
32–35 1300 91 2220
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Appendix A (Continued)
Lake Month/year Trawl
depth (m)
Towed
distance
(m)
Fishes
(n)
Mass
(g)
August 2009 10–13 1400 1703 13,360
14–17 1867 2606 27,670
24–27 1200 188 2800
28–31 1000 93 1020
Total 24,398 279,485
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SUMMARY
1. The size structure of communities is shaped by biotic and abiotic interactions. Therefore,
comparative analyses of size spectra may reveal the major drivers governing patterns and
processes in size-structured communities.
2. We tested the suitability of non-taxonomic, size-related variables as tools for elucidating
systematic shifts in lake fish assemblages along the gradients of environmental factors and
lake-use intensity. Catch data of multimesh gillnets from 78 lowland lakes in northern
Germany were analysed.
3. We first identified the correlations, and hence inherent redundancy, among 18 size-
related variables. The correspondence between eight weakly correlated size variables and
descriptors of lake morphometry, lake productivity, lake-use intensity and taxonomic and
functional fish-assemblage composition was tested using ordination by non-metric
multidimensional scaling (NMDS). The three axes of the NMDS analysis were strongly
correlated with five size variables, which in turn corresponded to lake area, mean and
maximum depth, total phosphorus and chlorophyll a concentration, predator abundance
and predator ⁄prey length ratios (PPLR).
4. The number of size classes increased with increasing lake area. The slopes of normalised
length spectra were flatter (less negative) and size diversity was higher in deep, less
nutrient-rich lakes and in lakes with a higher numerical predator abundance, indicating a
higher relative abundance of large fish. The exponent of the Pareto type II mass spectra
was larger and maximum fish length was smaller in shallow, nutrient-rich lakes and in
lakes with lower predator biomass and smaller PPLR, indicating a higher relative
proportion of medium-sized fish.
5. Analyses of size spectra at regional scales can contribute important information to the
evaluation of the ecological quality of lakes. We suggest further studies at a broader range
of environmental and geographical scales to understand the subtle response of size-related
variables to biotic interactions, abiotic stressors and geographical patterns.
Keywords: body size, lake morphometry, multilake analyses, multimesh gillnets, size diversity
Introduction
Size is a key property of organisms affecting almost all
aspects of their life history and ecology, such as
respiration, ingestion, reproduction and life span
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(Peters, 1983; Calder, 1984). Owing to fast growth
during ontogeny and substantial size differences
between ontogenetic stages, many populations,
including fish, are strongly size structured (Werner
& Gilliam, 1984; Post, Parkinson & Johnston, 1999;
Blanchard et al., 2009). However, the size structure of
populations can be further shaped by biotic interac-
tions, such as predation and competition, and by
factors including productivity or physical attributes of
the habitats (Persson et al., 1991; Wellborn, Skelly &
Werner, 1996). Accordingly, size-based analyses can
be useful in describing communities and can help to
identify the complex effects of biotic and abiotic
influences (Strayer, 1991; De Leeuw et al., 2003; Brucet
et al., 2010).
Pioneered by Sheldon, Prakash & Sutcliffe (1972),
analyses of size distributions have been applied to
various fields of aquatic research, primarily targeting
plankton (e.g. Sprules & Munawar, 1986; Gamble
et al., 2006). Furthermore, impacts of fisheries on
marine fish stocks have been documented by size-
spectra analyses (e.g. Rochet & Trenkel, 2003; Sweet-
ing et al., 2009). Petchey & Belgrano (2010) suggested
that similar systematic changes in size spectra, as
observed for exploited marine fish stocks, occur in
other systems under different types of environmental
pressures. Indeed, although size-based approaches
have been less frequently applied to freshwater fish
assemblages, the few existing studies suggest that size
structures can adequately characterise systematic
shifts between lake fish assemblages along the gradi-
ents of water quality (Holmgren & Appelberg, 2000;
De Leeuw et al., 2003).
Assemblages of lake fish in Europe are character-
ised by low regional species richness and low species
variability between lakes and are in general domi-
nated by only a few generalist species that are
widespread along nutrient gradients (Tonn et al.,
1990; Tammi et al., 2003). Recent analyses of lakes
within the European Central Plain ecoregion have
revealed that only a low amount of taxonomic
variability (species diversity and relative species
abundance) was related to morphometric, human-
use intensity and geographical variables (Mehner
et al., 2005, 2007). Furthermore, the originally well-
established conceptual model describing a gradual
succession of lake fish assemblages from a numerical
dominance by Salmoniformes to a dominance of
perch (Perca fluviatilis L.) and finally cyprinids along
an increasing nutrient gradient in Europe has recently
been challenged by contrary evidence from fish
assemblages in Germany (Diekmann et al., 2005;
Mehner et al., 2005), Sweden (Holmgren & Appelberg,
2000) and Finland (Olin et al., 2002). Accordingly, the
taxonomic composition of fish assemblages has been
shown to be insensitive to the ecological status of
lakes in Europe. Therefore, we investigated whether
non-taxonomic analyses of size structure can detect
shifts in the structure of fish assemblages along
gradients in German temperate lakes characterised
by a depauperate regional fish-species pool.
Several empirical studies have shown substantial
differences in the size structure of fish assemblages in
lakes, with a shift towards smaller individuals in
more eutrophic systems (Jeppesen et al., 2000; God-
lewska & S´wierzowski, 2003) and with a higher
proportion of large fish in large and deep systems
(Holmgren & Appelberg, 2000; Beier, 2001; Wilde &
Pope, 2004; Arend & Bain, 2008). In addition to
morphometric and chemical characteristics of lakes,
the taxonomic and functional differences between
lake fish assemblages can also modify their size
structures. Persson et al. (1991) and Mehner (2010)
demonstrated that the size of prey available was
positively coupled with the proportion and size of
predators in assemblages. Additionally, stunted
growth, the plastic response of fish to unfavourable
environmental conditions and predominantly ob-
served in discrete systems such as lakes (Roff, 1992),
is known for many freshwater fish families including
species most frequently occurring in European lakes
(see Ylikarjula, Heino & Dieckmann, 1999 and refer-
ences therein). These empirical observations indicate
that both abiotic and biotic factors shape the size
structure of fish assemblages. However, a compre-
hensive comparison of size-related variables of fish
assemblages in response to both biotic and abiotic
gradients is still missing (Jennings et al., 2001; Grif-
fiths, 2006).
The aim of our study was to test the applicability of
non-taxonomic, size-related variables as a tool to
elucidate systematic shifts in lake fish assemblages
along environmental and lake-use intensity gradients
by analysing catch data from standardised surveys by
multimesh gillnets. In particular, we combined sev-
eral size-related variables, originally derived from
plankton and marine fisheries research, to compare (i)
their consistency and variability when applied to
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multimesh gillnet catches of fish in lakes, (ii) their
intercorrelations and hence inherent redundancy and
(iii) their correspondence with descriptors of lake
morphometry and productivity, lake-use intensity
and taxonomic and functional classifications of fish
assemblages.
Methods
Fish sampling
The data set comprised 78 lakes, including the 65
lakes analysed by Mehner et al. (2005). The lakes are
located in the north German lowlands, ecoregion
‘Central Plains’ (Illies, 1978). The fish assemblages
were sampled according to the European standard for
gillnet surveys EN 14757 (CEN (European Committee
for Standardisation), 2005) between 2001 and 2009.
The sampling procedure for 55 of the lakes differed
slightly from the standard protocol, because for those
lakes, the sampling effort was split with the first half
of the nets set during late summer or early autumn
and the second half set during the subsequent spring
(cf. Mehner et al., 2005). Each lake was divided into
depth strata according the European standard, and
each stratum was randomly sampled by a pre-defined
number of benthic gillnets (type NORDEN: length
30 m; height 1.5 m; 12 panels of 2.5 m each with mesh
sizes (knot to knot) of 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 24,
29, 35, 43 and 55 mm), depending on lake area and
maximum depth (Appelberg, 2000; CEN, 2005). Deep
lakes (maximum depth >6 m) were additionally sam-
pled with a row of pelagic nets [similar type as the
benthic ones, but of 3 m height and 27.5 m length
(5 mm mesh panel missing)] placed over the deepest
location in each lake. In the case of complete repeated
surveys in the same lake over several years, only data
from the most recent sampling campaign were
included. Fish were measured (total length, TL) to
the nearest cm and weighed (fresh mass, FM) to the
nearest gram. Total unweighted catches from both
benthic and pelagic habitats were incorporated in the
analyses, independently of the relative contribution of
benthic and pelagic catches to the total.
Ideally, analyses of catch data should be restricted
to size classes for which the catch efficiency of the gear
is maximised (Jennings & Dulvy, 2005) and consistent
(Rochet & Trenkel, 2003). As young-of-the-year fish
are usually underestimated in multimesh gillnet
catches (Olin & Malinen, 2003; Olin, Malinen &
Ruuhija¨rvi, 2009; Prchalova´ et al., 2009), we excluded
all individuals <8 cm TL from the analyses. No
correction was applied to large fish. Catch efficiency
of multimesh gillnets for large size classes has not yet
been investigated in detail but is assumed to result in
only slight overestimates (Prchalova´ et al., 2009), as
catchability does not change strongly with increasing
size (Kurkilahti & Rask, 1996). The widely applied
standardised norm EN 14757 (CEN, 2005) for sam-
pling lake fish assemblages provides a reliable basis
for comparing the size distribution of fish assem-
blages. Single sample occasions provide an unbiased
picture of the size structure of lake fish assemblages
(Holmgren, 1999; Holmgren & Appelberg, 2000) and
the relative size structure of the gillnet catches did not
suffer from the saturation effect, which can underes-
timate relative fish abundance (Olin et al., 2004;
Prchalova´ et al., 2011).
Size-related variables
In total, 18 size-related variables derived from 14 size-
based approaches (listed below) were calculated from
the gillnet catches (Table 1). For the calculation of
linearised size spectra, gillnet catches were standar-
dised by calculating the average number of fish per
net within each size class (catch per unit effort,
CPUE). The pelagic nets (3 m in height and approx-
imately double the area of benthic ones) were
considered as two nets for the calculation of CPUE.
For all other size-related variables, no catch stan-
dardisation was necessary, because the size-related
variables and the number of nets or the number of fish
caught were only weakly correlated (Spearman’s
r < |0.28|, resp. rs < |0.43|).
(1) The geometric mean fish length [Lgmean (cm)]
and (2) variance (Lvar) (based on length data) were
calculated for the entire catch. We further compared
(3) the skewness (Lskew) and (4) kurtosis (Lkurt) of the
length–frequency distributions (LFD) (1-cm class
intervals). We selected the 99.9th percentile (fish-
length data from all lakes pooled) as the upper length
limit (50 cm) to reduce the number of zeros in the
LFD. Frequencies were log10(x + 1)-transformed. (5)
The number of size classes (n SC) with at least one
individual (1-cm intervals) was counted, and (6) the
interquartile range [IQR (cm)] (the difference between
the third and first quartiles), i.e. the size range
including 50% of all individuals from the catch, was
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calculated. Then, (7) the maximum length [Lmax (cm)]
was selected from the largest individual caught in the
gillnets in each lake, and (8) we selected the 95th
percentile of the LFD [L95 (cm)] as a size variable.
Next, (9) the proportion of fish above ‘quality length’
[Lqual (%)] included the proportion of fish exceeding
the minimum size limit for anglers. We used the
median minimum size limit of the five German
federal states in which the 78 lakes had been sampled.
For species with no minimum size limit, the quality-
length threshold was set to 30 cm TL.
Fulton’s condition factor (10) was calculated for
each fish separately (Ki) by:
Ki ¼W
L3
100: ð1Þ
The condition factor of the total fish assemblage (Ka)
was calculated as the arithmetic mean of Ki:
Ka ¼
Pn
i¼1
Ki
n
: ð2Þ
Furthermore, (11) size diversity (SD; l) was calcu-
lated for each lake following the nonparametric
approach of Quintana et al. (2008), which is related
to the Shannon diversity index but adapted for
continuous variables (herein fish total length) corre-
sponding to the integral form:
l ¼ 
Zþ1
0
pxðxÞ log2 pxðxÞdx; ð3Þ
where px(x) is the probabilty density function of the
length of each individual fish.
Px(x) was calculated using nonparametric kernel
estimation by:
l^kerMCðXÞ
¼ y 1
n
Xn
k¼1
log2
1
n
ffiffiffiffiffi
2p
p
r
Xn
j¼1
exp 1
2
ðykyjÞ2
r2
 !24
3
5
: ð4Þ
Length data were standardised beforehand by divi-
sion by the sample geometric mean value (Quintana
et al., 2008).
We also calculated (12) normalised length spectra
(NLS), according to Sprules & Munawar (1986), that
were modified to fish-length data. We used log2 ⁄2 size
classes to ensure a sufficiently high number of size
classes (n = 7 covering a length range of 8–91 cm). All
fish >91 cm TL (n = 5) were allocated to the largest
class (64–91 cm). The fish in each class were divided
by the number of nets and by the width of the size
Table 1 Characteristics and variability of 18 size-related variables from fish assemblages sampled in 78 German lowland lakes
including variable range, mean, median and coefficient of variation (CV). For a detailed description of the variables, see Methods
Size-related variables (Unit) Code
Range
Mean Median CV (%)Lower Upper
Geometric mean length (cm) Lgmean 9.91 16.65 12.26 12.11 10.21
Variance length data Lvar 8.63 123.43 30.29 28.30 51.03
Skewness LFD Lskew )0.40 1.48 0.49 0.44 71.96
Kurtosis LFD Lkurt )1.73 0.82 )0.92 )1.04 57.41
Number of size classes n SC 20.00 44.00 31.56 32.00 16.83
Interquartile range length data (cm) IQR 2.00 13.00 5.71 6.00 35.41
Maximum length (cm) Lmax 32.00 105.00 58.01 55.00 27.93
95% percentile L95 14.00 30.00 22.69 23.00 15.74
Proportion quality length (%) Lqual 0.07 6.96 1.46 1.18 89.57
Fulton’s condition factor assemblage Ka 0.79 1.32 1.06 1.05 9.93
Size diversity SD (l) 1.07 2.25 1.80 1.86 14.14
Slope normalised length spectra S NLS )1.46 )0.24 )0.90 )0.90 3.19
R2 normalised length spectra R2 NLS 0.61 0.95 0.80 0.80 10.88
Slope normalised mass spectra S NMS )0.75 )0.19 )0.51 )0.51 4.48
R2 normalised mass spectra R2 NMS 0.41 0.98 0.86 0.90 7.61
c Pareto type II mass spectra c Par 0.68 8.20 1.96 1.78 45.23
D Pareto type II mass spectra D Par 0.09 107.15 13.39 8.37 116.06
R2 Pareto type II mass spectra R2 Par 0.87 0.99 0.97 0.98 2.51
LFD, length–frequency distribution.
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class and were subsequently log2(x + 1)-transformed.
The transformed abundances were plotted against the
log2 midpoints of each size class, and the slope and
coefficient of determination (R2) of the linear regres-
sion lines were compared among the lakes.
Normalised mass spectra (NMS) (13) were analysed
similarly to NLS but were modified for fish-mass data
(cf. Blanchard et al., 2005; Sweeting et al., 2009). All fish
were allocated to log2 FM classes from 1 (8 g) to 10
(>2048 g). Class 1 summed fish from log2 = 2 (4 g) and
log2 = 3 (8 g), because individuals with FM <4 g were
extremely rare (0.008%) because of the removal of all
fish <8 cm TL from the data set. Fish masses within
each size class were divided by the number of nets and
the span of the size class, subsequently log2(x + 1)-
transformed and finally regressed analogously to the
NLS. The slopes and R2 of the linear regression lines
were calculated. Slopes of normalised size spectra
(NLS and NMS here) quantify the relative abundance
of small and large fish in a sample (Shin & Cury, 2004).
A steepening of the slope can be the result of a
decreasing number of large fish, an increasing number
of small fish or both (Pope & Knights, 1982; Bianchi
et al., 2000). For size–abundance relationships, R2 can
be used as a measure of disturbance (i.e. the relative
distance from steady state) in a given system (Sprules,
Casselman & Shuter, 1983; Choi, Mazumder &
Hansell, 1999).
Fish mass spectra (14) were analysed using under-
lying Pareto type II probability density functions
pi(FW), following the equation
piðFMÞ ¼ cðK þDÞcðFMt þDÞðcþ1Þ; ð5Þ
with the cumulative distribution of probability
defined as:
probðFM  FMtÞ ¼ ðK þDÞcðFMt þDÞc; ð6Þ
where D is an additive constant, FM is the fresh mass
of the individual fish and FMt is a threshold size
(Vidondo et al., 1997). In other words, the term prob
(FM ‡ FMt) is calculated for each fish mass as the
proportion of all fish larger than or equal to itself:
probðFM  FMtÞ ¼ NFMFMt
Nt
: ð7Þ
The parameters c and D were calculated by
regressing log (prob(FM ‡ FMt)) on FM using the
iterative nonlinear algorithm log(prob(FM ‡ FMt)) =
c log(K + D) ) c log(FMt + D) (Vidondo et al., 1997).
Beforehand, fish masses were standardised (K = 1)
following Winiwarter & Cempel (1992):
FM0 ¼ FM
FMmin
; ð8Þ
where the standardised masses (FM¢) were obtained
by dividing the fish masses within a sample (FM) by
the minimum mass observed in that sample (FMmin).
Finally, we derived three parameters (the exponent
c, the additive constant D and R2) from the nonlinear
ordinary least square regressions. Although the eco-
logical meaning of c and D is somewhat difficult to
interpret (Quintana et al., 2008) and the response of
the parameters to gradients is not yet completely
understood (Gamble et al., 2006), they can be used to
compare systems (Vidondo et al., 1997). Higher values
of c (and D) are obtained in cases of more pronounced
curvature in the Pareto type II distribution, whereas
lower values represent more linear models. A more
linear relationship indicates a higher relative abun-
dance of smaller size classes, while a stronger curva-
ture of the nonlinear regression line indicates a more
equal distribution of the sizes with a higher relative
abundance of larger size classes (Brucet et al., 2005).
In general, we favoured length-related variables
over mass-related ones, as fish mass is often incom-
pletely recorded during field campaigns. In the case of
the Pareto type II approach, however, FM data are
required (Gamble et al., 2006), as length data result in
strong inaccuracies in the parameter estimates (large
confidence intervals) owing to the smaller amplitude
of fish length compared with FM (M. Emmrich,
unpublished). To exclude strongly correlated vari-
ables from subsequent analyses, we calculated corre-
lations between all size-related variables and selected
only those with Spearman’s rank correlation coeffi-
cients rs < |0.6| (see Table 2 for detailed rs and P-
values). In the case of strongly correlated variables,
we favoured those for which the loss of original
information in the size data was lowest.
Lake variables
Non-metric multidimensional scaling (NMDS) analy-
sis (Kruskal, 1964) was used to analyse size-related
fish-assemblage differences. NMDS analysis maximis-
es rank-order correlation between original distance
measures and the distances in ordination space. The
points (lakes) are moved to minimise stress, which is a
2320 M. Emmrich et al.
 2011 Blackwell Publishing Ltd, Freshwater Biology, 56, 2316–2333
Table 2 Correlation matrix of the 18 size-related variables. The white matrix contains Spearman’s r values; the grey matrix contains the corresponding P-values. Weakly correlated
variables (rs < |0.60|) that were exposed to the non-metric multidimensional scaling ordination are indicated in boldface. For the full names of the size-related variables, see
Table 1
Variables Lgmean Lvar Lskew Lkurt n SC IQR Lmax L95 Lqual Ka SD (l) S NLS R
2 NLS S NMS R2 NMS c Par D Par R2 Par
Lgmean – 0.564 )0.579 )0.590 0.311 0.733 0.157 0.559 0.560 0.197 0.688 0.246 0.655 0.415 )0.403 0.322 0.552 0.078
Lvar <0.001 – )0.696 )0.369 0.673 0.668 0.359 0.853 0.821 0.081 0.825 0.289 0.418 0.460 0.060 0.027 0.442 )0.124
Lskew <0.001 <0.001 – 0.718 )0.567 )0.708 )0.137 )0.812 )0.629 )0.234 )0.751 )0.053 )0.674 )0.184 )0.064 )0.469 )0.787 0.086
Lkurt <0.001 0.001 <0.001 – )0.184 )0.642 )0.183 )0.421 )0.214 )0.193 )0.655 )0.218 )0.719 )0.231 0.102 )0.472 )0.616 )0.174
n SC 0.006 <0.001 <0.001 0.106 – 0.370 0.387 0.579 0.680 )0.028 0.510 )0.123 0.355 0.007 0.345 )0.145 0.236 0.049
IQR <0.001 <0.001 <0.001 <0.001 0.001 – 0.208 0.601 0.564 0.233 0.820 0.233 0.631 0.375 )0.188 0.408 0.656 0.026
Lmax 0.170 0.001 0.233 0.108 <0.001 0.068 – 0.097 0.172 )0.228 0.261 0.203 0.002 0.232 0.049 )0.362 )0.180 0.224
L95 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.399 – 0.806 0.188 0.764 0.195 0.471 0.364 0.093 0.233 0.593 )0.266
Lqual <0.001 <0.001 <0.001 0.060 <0.001 <0.001 0.133 <0.001 – 0.047 0.707 0.243 0.419 0.420 0.059 )0.044 0.378 )0.149
Ka 0.084 0.479 0.040 0.090 0.804 0.040 0.045 0.099 0.680 – 0.152 )0.265 0.280 )0.117 )0.437 0.545 0.436 )0.088
SD (l) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.021 <0.001 <0.001 0.185 – 0.296 0.546 0.444 )0.003 0.188 0.530 0.082
S NLS 0.030 0.010 0.646 0.056 0.285 0.040 0.074 0.088 0.032 0.019 0.009 – 0.178 0.914 )0.007 )0.184 )0.034 0.004
R2 NLS <0.001 <0.001 <0.001 <0.001 0.001 <0.001 0.989 <0.001 <0.001 0.013 <0.001 0.102 – )0.067 )0.150 0.481 0.656 0.178
S NMS <0.001 <0.001 0.108 0.042 0.949 0.001 0.041 0.001 <0.001 0.306 <0.001 <0.001 0.561 – )0.167 )0.108 0.099 )0.054
R2 NMS <0.001 0.600 0.578 0.372 0.002 0.099 0.668 0.419 0.608 <0.001 0.981 0.953 0.190 0.143 – )0.328 )0.209 )0.025
c Par 0.004 0.818 <0.001 <0.001 0.205 <0.001 0.001 0.040 0.702 <0.001 0.099 0.107 <0.001 0.346 0.003 – 0.830 )0.086
D Par <0.001 <0.001 <0.001 <0.001 0.038 <0.001 0.114 <0.001 0.001 <0.001 <0.001 0.768 <0.001 0.389 0.067 <0.001 – )0.157
R2 Par 0.499 0.280 0.451 0.127 0.669 0.823 0.049 0.019 0.193 0.446 0.474 0.972 0.119 0.641 0.828 0.455 0.170 –
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measure of mismatch between both distances. Three
matrices were constructed. The main matrix contained
the eight weakly correlated size-related variables that
were normalised by their maxima. Initially, the NMDS
analysis was performed by selecting random start
configuration, six dimensions, Euclidean distance and
200 iterations. Monte Carlo simulation (50 runs with
real and randomised data) was included to check
whether a similar final stress value was obtained by
chance. The optimum dimensionality was derived
from the scree plot of stress versus dimensionality.
The configuration of the optimal dimensionality was
selected as the new starting configuration for the final
run without a further change in dimensionality.
Additionally, Spearman’s correlations of size-related
variables with the significant axes were calculated.
In two comatrices, a total of 17 abiotic and biotic
descriptors of the 78 lakes and their fish assemblages
were summarised. The first comatrix included nine
abiotic variables, divided into (1) variables describing
lake morphometry (n = 5 variables), (2) lake produc-
tivity variables (n = 2) and (3) variables characterising
lake-use intensity (n = 2). In detail, the morphometric
variables (1) consisted of (variable range in brackets)
lake area (50–11 300 ha), maximum depth (1.0–
72.3 m), mean depth (0.65–28.6 m), shore length (3.0–
123.7 km) and catchment area (190–750 000 ha). The
productivity variables (2) encompassed total phospho-
rus concentration (13.0–330.0 lg L)1) and chlorophyll
a concentration (Chl a) (1.5–287.7 lg L)1), both based
on arithmetic averages from samplings taken during
the growing season between May and September.
Morphometry and productivity variables were log10-
or log10(x + 1)-transformed to ensure a linear relation-
ship and to stabilise their variances.
Lake-use intensity (3) (human-use variables,
anthropogenic shoreline modifications and fishing
activity) was initially assessed on a ranked scale (all
variables except fishing activity): category 1 = no
impact; category 2 = minor; category 3 = moderate;
category 4 = heavy impact. The human-use variables
included the frequency of commercial ship passages,
the number of recreational boats with and without
engines, bathing and fishing activities. Anthropogenic
shoreline modifications included bathing places, foot-
bridges ⁄marinas, sheet piles, woody erosion control
structures (fascines) and rip-rap habitats. Fishing
activity was classified as 1 = no fisheries; 2 = recrea-
tional fisheries; 3 = commercial fisheries; 4 = both
recreational and commercial fisheries. For the conver-
sion of categorical variables into continuous synthetic
ones, we used multiple correspondence analysis
(MCA; Tenenhaus & Young, 1985; Greenacre &
Blasius, 2006) by building an indicator matrix with a
binary coding of the 10 lake-use variables with the
four categories of each factor. The principal coordi-
nates for each lake of the first two MCA axes were
considered as synthetic lake-use variables (axis 1 + 2
lake use).
To a second comatrix, we added eight biotic
variables (4) that describe the taxonomic or functional
composition of the fish assemblages in lakes. Three
variables reflected taxonomic composition, namely
number of species, proportion of cyprinids and
proportion of percids (Table 3). Three further vari-
ables reflected the predator–prey relationships in the
lakes. According to Mehner (2010), pike (Esox lucius
L.), zander [Sander lucioperca (L.)], burbot (Lota lota L.),
asp [Aspius aspius (L.)] and European catfish (Silurus
glanis L.) were classified as predators (obligatory
piscivores). Perch were divided into predatory
(TL ‡ 15 cm) and non-predatory (TL < 15 cm) fish
(cf. Persson et al., 1992). All other fish were considered
as potential prey. We calculated the numerical pro-
portion (%) and biomass proportion (%) of predators
in each lake. Predator ⁄prey length ratio (PPLR) was
calculated as the ratio between mean predator length
and mean prey length.
Finally, two further variables indicated species
diversity in the lakes. In correspondence to the size
diversity index mentioned earlier (Quintana et al.,
2008), we calculated the taxonomic Shannon index
(H¢) by
H0 ¼ 
Xn
i¼1
pi log2 pi ð9Þ
and evenness (J) as
J ¼ H
0
log2 s
; ð10Þ
with s representing the number of species.
Taxonomic and functional variables of the fish
assemblages were normalised to their maxima, and
proportion datawere arc-sine square-root-transformed
(Sokal & Rohlf, 1995). After ordination of the main
matrix (size-related variables) by NMDS analysis,
Spearman’s rank correlations between the lake’s scores
per dominant axis and the lake-specific variables
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included in the two comatrices were calculated. NMDS
analysis was performed by PC-Ord for Windows,
version 4 (McCune & Mefford, 1999; MJM Software
Design, Gleneden Beach, OR, U.S.A.). MCA was
computed in R (version 2.7.0; R Development Core
Team, 2008) using the ca package (version 0.2.1, 2007;
Nenadic´ & Greenacre, 2007)
Results
Size-related variables
In total, size data of 132,665 fish ‡8 cm total length
caught by multimesh gillnets in 78 north German
lowland lakes were included in this study. Catch size
ranged from 407 to 4248 individuals per lake (mean
1645 individuals).
Differences in range and coefficient of variation
(CV) were substantial between the 18 size-related
variables tested (Table 1). The highest variability was
found in the additive constant D of the Pareto type II
mass spectra, the skewness of the length–frequency
distributions and in the proportion of fish above
quality length. Variability in the slopes and R2 of the
normalised size spectra was similar with lower
variability in the slopes in comparison with their
corresponding R2 values.
High values of size diversity were obtained in cases
of equally distributed fish lengths (Fig. 1a) or if the
catch consists of many different fish lengths (Fig. 1b).
For fish-mass data, the relative proportion of small-
and medium-sized fish has the strongest influence on
the exponent c of the Pareto type II mass spectra (Figs
1c,d & 5).
Many size-related variables were strongly corre-
lated (Table 2). To avoid redundant information, we
selected for further analyses only those variables with
Spearman’s r < |0.6| in correlations or those that
contained most information from the original data.
Accordingly, size diversity (SD) was favoured over
Lgmean (correlation with SD: rs = 0.69), Lvar (rs = 0.83),
Lskew (rs = )0.75), Lkurt (rs = )0.66), IQR (rs = 0.82),
L95 (rs = 0.76) and Lqual (rs = 0.71) because size
diversity contains information on the amplitude of
the size range and the relative distribution of sizes
along the size range (Quintana et al., 2008). Further-
more, strong correlations existed between those
variables that we decided to exclude in favour of
size diversity (Table 2). The number of size classes (n
SC) was only strong correlated with Lqaul, which was
already excluded. Maximum length and the condi-
tion factor of the fish assemblage were not correlated
with any other size-related variable (rs < 0.55). In the
Table 3 Spearman’s rank correlation
coefficients between variables of lake
morphometry, lake productivity, lake-use
intensity and taxonomic and functional
descriptors of fish assemblages and the
lake scores of the three dominant axes
(predicted variance in brackets) obtained
from the non-metric multidimensional
scaling (NMDS) analysis. NMDS analysis
based on eight size-related variables
derived from fish assemblages sampled in
78 lowland lakes in northern Germany.
Significantly correlated variables
(rs > |0.30|, P £ 0.004) are indicated in
boldface
Variables Unit Axis 1 (15.6%) Axis 2 (40.8%) Axis 3 (40.4%)
Lake morphometry
Area ha )0.324 )0.060 )0.090
Shore length km )0.214 )0.209 0.045
Maximum depth m 0.250 )0.582 0.465
Mean depth m 0.319 )0.515 0.417
Catchment area ha )0.410 0.163 )0.165
Lake productivity
Total phosphorus lg L)1 )0.275 0.349 )0.472
Chlorophyll a lg L)1 )0.253 0.442 )0.474
Lake-use intensity (MCA scores)
Axis 1 lake use 0.283 )0.010 0.103
Axis 2 lake use )0.103 0.101 )0.183
Fish assemblage descriptors
Proportion cyprinids % )0.130 0.297 )0.143
Proportion percids % 0.031 )0.165 )0.021
Proportion predators
(biomass)
% 0.125 )0.295 0.357
Proportion predators
(abundance)
% 0.042 )0.358 0.006
Predator ⁄prey length ratio 0.173 0.070 0.418
Number of species )0.401 )0.138 0.298
Shannon diversity )0.167 )0.048 )0.092
Shannon evenness 0.050 0.003 )0.230
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case of normalised length and mass-spectra slopes
(rs = 0.91), we selected the slopes of the normalised
length spectra over the ones of the mass spectra
because parameters of the Pareto type II mass spectra
also described the mass distribution. No classification
or transformation of the mass data is necessary in the
Pareto approach (Blanco, Echevarria & Garcia, 1994;
Vidondo et al., 1997). The mass of each individual
fish was included in the calculations resulting in a
higher mean R2 value (0.97) in comparison with the
mean R2 of the normalised mass spectra (0.86). We
selected only the exponent c of the Pareto type II
mass spectra, because the additive constant D was
highly redundant (correlations with c: rs = 0.83; IQR:
rs = 0.66).
Ultimately, eight size-related variables were in-
cluded in the main matrix and exposed to a NMDS
analysis: number of size classes, maximum length,
Fulton’s condition factor, parameter c and R2 of the
Pareto type II mass spectra, slope and R2 of the
normalised length spectra and size diversity.
The NMDS analysis on eight size-related variables
resulted in a three-dimensional solution (Fig. 2; final
stress = 6.84, final instability = 0.00001 at 164 itera-
tions). The three axes accounted for 96.8% of the
variation. The first axis (15.6% predicted variance)
was negatively correlated with the number of size
classes (Spearman’s r = )0.79). The second axis
(40.8%) was negatively correlated with the slope of
the normalised length spectra (rs = )0.88) and size
diversity (rs = )0.64). The third axis (40.4%) was
negatively correlated with the exponent c of the
Pareto type II mass spectra (rs = )0.65) and positively
correlated with maximum length (rs = 0.73). All other
size-related variables were less strongly correlated
with the NMDS axes (rs < |0.53|).
Ordination of lake-use intensity variables
The first two axes of the MCA explained 32.7% of the
predicted variance (axis 1: 20.6% and axis 2: 12.1%).
Axis 1 was strongly correlated with the frequency of
footbridges ⁄marinas (Spearman’s r = 0.85), the fre-
quency of recreational boats with and without engines
(rs = 0.74 and rs = 0.76), bathing places (rs = 0.74) and
bathing activities (rs = 0.73). The second axis was
correlated with the frequency of footbridges ⁄marinas
(rs = 0.47), types of fishing activities (rs = 0.45), fre-
quency of fascines (rs = 0.41) and sheet piles
(rs = 0.42). The scores of lakes on these two axes were
included in the comatrix of abiotic lake descriptors for
the NMDS analysis.
(a) (b)
(c) (d)
Fig. 1 Examples of fish-length distributions from two lakes with similar values of size diversity (a, b) and their corresponding mass
distributions with substantial differences in their exponents c of the Pareto type II mass distributions (c, d).
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Response of size-related variables along gradients
Fifteen variables from three groups of lake and fish-
assemblage descriptors were strongly correlated
(Spearman’s r > |0.30|, P £ 0.004) with the axes of
the NMDS analysis on size-related variables (Table 3;
Figs 3–5), thus reflecting correspondence of size-
related variables to lake morphometry, lake produc-
tivity and functional fish-assemblage composition.
The number of size classes increased with increasing
lake area and decreased with increasing mean depth
(Fig. 3a,b). Furthermore, more size classes were ob-
served in lakes with larger catchment areas and lakes
withmore species caught in the gillnets (Fig. 3c,d). The
slopes of the normalised length spectra were flatter (i.e.
less negative = fewer small, more large fish or both),
and size diversity was higher in deep lakes (Fig. 4a,b)
and in lakes with lower nutrient concentrations
(Fig. 4c,d). Additionally, flatter slopes and higher size
diversity were observed where the numerical abun-
dance of piscivorous fish was high (Fig. 4e). The
exponent c of the Pareto type II mass spectra was larger
(i.e. a higher relative proportion of medium-sized fish),
and the maximum observed fish length in the gillnets
was smaller in shallow (Figs 5a,b & 6a; Table 4a) and
nutrient-rich lakes (Figs 5c,d & 6a; Table 4a). A higher
proportion of predator biomass and higher preda-
tor ⁄prey length ratios (influenced by a strong increase
in arithmetic mean predator lengths but only a slight
decrease in mean prey lengths, M. Emmrich unpub-
lished) were associated with smaller exponents and
larger maximum lengths (Figs 5e,f & 6d; Table 4d).
Discussion
The comparison of 18 size-related variables derived
from multimesh gillnet catches from 78 German
lowland lakes showed substantial variation, even
within a data set limited in geographical range. Many
of the variables were strongly correlated. An ordina-
tion of the lakes, based on eight weakly correlated size
descriptors with slope of normalised length spectra,
size diversity, exponent c of Pareto type II mass
spectra, maximum length and number of size classes
as the most important ones, was correlated with
descriptors of lake morphometry, lake productivity
and functional fish-assemblage composition. This
suggests that size spectra can be a useful tool for
identifying systematic variation in fish assemblages
along environmental gradients.
(a) (b)
Fig. 2 Plots obtained from non-metric multidimensional scaling analysis based on eight size-related variables derived from fish
assemblages of 78 lakes sampled with multi-mesh gillnets. Two plots of the three-dimensional solution (96.8% predicted variance) are
shown (predicted variance in brackets): Axis 1 vs. axis 2 (a) and axis 2 vs. axis 3 (b), both including correlation vectors of significant
size-related variables with Spearman’s r > |0.60|. For better illustration, vectors were enlarged to 400%. Interpretation of the axes
scores are given on the horizontal and vertical axes. The slope was calculated from normalised length spectra (NLS), the exponent c
was calculated from Pareto type II mass spectra; Lmax = maximum length.
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Lake area was positively correlated with the num-
ber of size classes, indicating a wider range of fish
sizes with more large sizes in large lakes. Similarly,
Sumari (1971) found more size classes of perch in
larger ponds. Our results are also in accordance with
empirical studies (Holmgren & Appelberg, 2000;
Wilde & Pope, 2004) supporting the theory that larger
lakes are inhabited by larger fish. As for European
lakes in general (No˜ges, 2009), lake area was posi-
tively correlated with catchment area in our study
(Pearson’s r for log10-transformed lake and catchment
area: 0.66; P < 0.001). Additionally, species richness in
the gillnets was correlated with lake area (r = 0.36;
P = 0.001; cf. Eckmann, 1995). We conclude that the
correlation of catchment area and species richness
with axis 1 of the NMDS analysis was a consequence
of their positive correlations with lake size. As we
included only lakes >50 ha in our study, we cannot
preclude the possibility that lake area becomes more
important for other size-related variables if smaller
lakes are considered as well.
In addition to lake area, we showed also that lake
depth influenced the size structure of fish assem-
blages, because depth-related variables were corre-
lated with all significant size variables. In lakes of
greater mean depth, fewer size classes were found,
which contradicts our initial assumption that deeper
lakes would be associated with a higher diversity of
fish size. Deeper lakes are often associated with higher
habitat heterogeneity, thus reducing competition and
providing habitat for more different age (size) classes
(Persson, 1983). The opposite results from the differ-
ent studies suggest that the correspondence between
lake depth and number of size classes has to be
reanalysed in a larger data set.
The second axis of the NMDS analysis was nega-
tively correlated with the slope of the normalised
length spectra and size diversity. Both size metrics
showed similar responses to variables of lake depth,
nutrient concentrations and predator abundance,
because the slope of normalised length spectra and
size diversity identify patterns in the relative propor-
tion of small and large fish in the catches. Flatter (less
negative) slopes indicate fewer small fish, more large
fish or both (Pope & Knights, 1982; Bianchi et al.,
2000). Higher values of size diversity are obtained if
the relative proportion of large fish is higher, which is
supported by the strong correlation of size diversity
with Lgmean, Lvar, IQR and the strong correlations with
variables directly corresponding to large fish in the
catches (Lqual and L95).
Deep lakes, and lakes with lower nutrient concen-
trations and a higher numerical proportion of preda-
tors, have flatter slopes and higher size diversity. This
(a) (b)
(c) (d)
Fig. 3 Scatter plots of correlated
(Spearman’s r > |0.30|) variables with
the scores of axis 1 of the non-metric
multidimensional scaling analysis based
on eight size-related variables. Inter-
pretation of the axes scores are given on
the top horizontal axes. Spearman rank
correlation coefficients (rs) and level of
significance are given in addition
(* P < 0.05, ** P < 0.01, *** P < 0.001).
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suggests either a lower survival rate of small fish or a
higher abundance of large fish in those lakes.
Although a high abundance of predators is character-
istic of deep, mesotrophic lakes (Persson et al., 1991;
Jeppesen et al., 2000), Mehner (2010) recently failed to
demonstrate a negative relationship between the
abundance of piscivorous fish and their potential
prey in German lakes. Accordingly, we conclude that
flatter slopes and higher values of size diversity are
primarily caused by a high proportion of large fish
rather than indicating high mortality rates of small
fish because of predation. However, the single effects
of predators on the size structure of fish assemblages
were somewhat difficult to disentangle because we
included both predatory and prey fish in calculations
of the size-related variables. Therefore, the observed
patterns reflect in part the positive correlation
between the abundance of large fish (42% of all fish
>30 cm were classified as predators) and flatter slopes
and higher size-diversity values. Nevertheless, we
suggest that predation is one of the major forces
shaping the size structure of lake fish assemblages
(Jackson, Peres-Neto & Olden, 2001; Kerr & Dickie,
2001) even if no negative abundance relationship can
be found (Mehner, 2010). Further studies are needed
to analyse in detail the impact of piscivorous fish (i.e.
the abundance and size of predators) on the size
structure of the total fish assemblage and their
potential prey.
The exponent c of the Pareto type II mass spectra
and maximum length were correlated with six lake
and fish-assemblage variables. Exponents were largest
(a) (b)
(c)
(e)
(d)
Fig. 4 Scatter plots of correlated (Spear-
man’s r > |0.30|) variables with the
scores of axis 2 of the non-metric multi-
dimensional scaling analysis based on
eight size-related variables. Interpretation
of the axes scores are given on the top
horizontal axes. Spearman rank correla-
tion coefficients (rs) and level of sig-
nificance are given in addition (* P < 0.05,
** P < 0.01, *** P < 0.001). Slope NLS:
slope of normalised length spectra.
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if the size range of the gillnet catch was narrow and
characterised by a more even distribution of fish mass,
with a greater relative abundance of medium-sized
fish. According to axis 3 of the NMDS analysis, we
found smaller maximum fish lengths and a higher
relative proportion of medium-sized fish in shallow,
nutrient-rich lakes. The correlation between lake
morphometry and nutrient status is characteristic of
European lakes (No˜ges, 2009), because rapid nutrient
recycling in the extensive littoral zone favours higher
productivity (Ryder, 1965; Hanson & Leggett, 1982).
The relative increase in medium-sized fish contradicts
in part the results of Jeppesen et al. (2000), who found
a decline in mean body mass of the dominant fish
species perch, roach [Rutilus rutilus (L.)] and bream
[Abramis brama (L.)] in Danish lakes along an increas-
ing nutrient gradient. However, the Danish lakes were
on average shallower (mean depth 3.4 m) than the
lakes in our study (6.9 m), suggesting weaker inter-
action strengths in German lakes. At a given nutrient
concentration, volumetric fish densities and produc-
tivity decline with increasing lake depth (Ryder, 1965;
Jeppesen et al., 1997), thus reducing the interaction
strength in deeper lakes (Jeppesen et al., 1997) as a
consequence of reduced habitat coupling, which is
primarily mediated by fish (Jackson et al., 2001;
Schindler & Scheuerell, 2002; Dolson et al., 2009).
Furthermore, the exponent c was smaller where
predator biomass and predator ⁄prey length ratios
were large. An increase in the predator ⁄prey length
ratio was primarily caused by an increase in predator
length. Consequently, a few large predators with a
high biomass have a limited regulatory impact on the
many small fish.
(a) (b)
(c)
(e) (f)
(d)
Fig. 5 Scatter plots of correlated (Spear-
man’s r > |0.30|) variables with the
scores of axis 3 of the non-metric multi-
dimensional scaling analysis based on
eight size-related variables. Interpretation
of the axes scores are given on the top
horizontal axes. Spearman rank correla-
tion coefficients (rs) and level of sig-
nificance are given in addition (* P < 0.05,
** P < 0.01, *** P < 0.001).
c Pareto: exponent of the Pareto type II
mass spectra, Lmax = maximum length.
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Maximum fish length increased with increasing lake
depth and decreasing nutrient concentration. It has
been argued that sample size and sampling effort
determine the maximum length of fish caught
(Shin et al., 2005). We found no correlation between
maximum fish length and the number of fish caught or
the number of nets set. Nevertheless, it has been
shown that very large fish are not adequately repre-
sented in multimesh gillnets if only the standard effort
is applied (Holmgren & Appelberg, 2000; Pope, Wilde
& Bauer, 2005), which makes a coherent interpretation
of this size metric more difficult. However, although
large fish in lakes have larger home ranges (Minns,
1995), the probability of catching them in large, deep
lakes will certainly not increase, because the very large
pelagic zone is only poorly sampled by gillnets
(Deceliere-Verges & Guillard, 2008). Consequently,
we can assume that deeper lakes are inhabited bymore
fish of a maximum size. Wilde & Pope (2004) argued
that large fish are less vulnerable to exploitation in
large lakes, and it has been shown that fishing pressure
can act as a major force shaping the size structure of
lake fish assemblages (McDonald & Hershey, 1989;
Lewin, Arlinghaus &Mehner, 2006). We did not detect
any significant effect of fishing on any size variable.
However, the quantification of fishing activity was
based on a ranked scale that determined only the type
of fishing (commercial or recreational) and not its
intensity. Accordingly, we cannot exclude the possi-
bility that the four categories were too coarse to detect
subtle impacts of fishing on size structure.
In addition to fishing pressure, the impact of
shoreline modifications and the intensity of recrea-
tional activities had no influence on size structure. The
effects of lake morphometry and nutrient status, both
important in determining habitat complexity and
habitat availability for fish, had a much stronger
impact on the size structure compared with anthro-
pogenic effects of shoreline development and recrea-
tional activities. We suggest that the categorical data
on lake-use intensity are not sufficiently sensitive to
detect the changes in size structure and that the
degree of anthropogenic degradation of the German
lakes is too low (Mehner et al., 2005) to impact size
structure significantly.
Table 4 Descriptors of lake morphometry, lake productivity
and functional fish-assemblage composition of the four example
lakes whose fish-mass distributions are shown in Fig. 6. Signif-
icant differences in lake descriptors are indicated in boldface. (a)
Shallow, nutrient-rich lake; (b) deep, less nutrient-rich lake; (c)
low predator biomass, low predator ⁄prey length ratio (PPLR);
(d) high predator biomass, high PPLR
Lake (a) (b) (c) (d)
Maximum depth (m) 5.0 19.1 6.5 6.1
Mean depth (m) 3.0 8.9 1.3 2.1
Total phosphorus (lg L)1) 40.0 18.0 81.0 63.0
Chlorophyll a (lg L)1) 15.9 3.2 102.0 98.4
Predator biomass (%) 36.3 34.6 11.8 48.2
PPLR 1.54 1.63 1.3 3.3
(a) (b)
(c) (d)
Fig. 6 Four examples of mass distribu-
tions and exponents c of their corre-
sponding Pareto type II mass spectra
(insets) of lake fish assemblages sampled
with multi-mesh gillnets. The lakes
differed in those descriptors that were
significantly correlated with the lake
scores derived from the non-metric mul-
tidimensional scaling analysis (cf. Fig. 5;
Table 4): (a): shallow, nutrient-rich lake;
(b): deep, less nutrient-rich lake; (c): low
predator biomass, low predator-prey
length ratio (PPLR); (d): high predator
biomass, high PPLR.
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In summary, the application of size-related vari-
ables to multimesh gillnet catches is a promising tool
that can provide important information on systematic
shifts in the size structure of lake fish assemblages
along environmental gradients. In particular, the
measure of size diversity might be a powerful tool
for analysing fish size distributions as it condenses
many different aspects of other size metrics into a
single comparable value. The exponent c of the Pareto
type II mass spectra uncovers differences in the
relative abundances of small- and medium-sized fish.
However, we recommend the visualisation of size
distributions (for instance in the form of size-fre-
quency histograms) to complement the interpretation
of results of the size metrics, because similar values
can be obtained from different underlying size distri-
butions. Our results suggest that the more frequent
use of size-based approaches could help in evaluating
the ecological status of lakes. Further studies includ-
ing a broader range of environmental and geograph-
ical gradients would be beneficial for analysing the
subtle response of size-related variables of fish
assemblages.
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Summary 
 
1) Organism body size has a strong effect on the structure and function of ecosystems because 
many ecological and physiological processes such as predator-prey interactions, size-
abundance relationships and energy fluxes in food webs are highly size-dependent. 
Understanding the predictors of the size structure of assemblages is essential for identifying 
and predicting the response of species assemblages and ecosystems to anthropogenic 
disturbances and environmental change.  
2) We analysed the size structure of fish assemblages by calculating average size, maximum size 
and the individual size distribution from fish sampled by standardised gillnetting in 701 
European lakes. Variation in the size metrics was explored in relation to the lakes’ location, 
morphometry, trophic status and fish assemblage composition using boosted regression tree 
analysis. 
3) Two fundamentally different types of size structure were identified. The majority of the 
lakes, mainly located in the European lowlands, was characterised by a dominance of small-
sized juvenile perch or roach. Lakes at higher elevation at either high or low latitudes with 
salmonid-dominated fish assemblages were characterised by more large-sized fish and low 
abundances of juvenile fish. Trophic status of the lakes had no significant influence on 
variation in the size structure across this large geographical scale, presumably because its 
effect was overridden by temperature effects. 
4) A switch in the dominant life-history strategy and thereby the taxonomic composition from 
equilibrium type in salmonids to periodic type in cyprinids and percids is accompanied by a 
marked shift in the size structure of lake fish assemblages. Temperature is a main predictor 
of these size shifts and therefore strong effects on lake ecosystem functioning can be 
expected from future global warming. 
 
 
Keywords: biogeography, body size, lake, freshwater fish, life history, multi-mesh gillnet, 
individual size distribution, latitudinal gradient, salmonid, size spectra 
Introduction 
The importance of organism body size on the structure and function of ecosystems has long been 
recognised (Elton 1927; Peters 1983; Kerr & Dickie 2001). Various ecological and physiological 
processes such as respiration, growth, maturation, reproduction and life span are strongly size-
dependent (Blueweiss et al. 1978; Calder 1984). Variations in body size has a significant effect across 
multiple levels of ecosystem organisation, and determine predator-prey interactions, body-size 
abundance relationships and energy fluxes in food webs (Emmerson & Raffaelli 2004; Reuman & 
Cohen 2005; Woodward et al. 2005; White et al. 2007). Exploring the drivers of the size structure of 
assemblages is important not only for the understanding and identification of fundamental ecological 
processes, but also for identifying and predicting the response of species assemblages and 
ecosystems to anthropogenic disturbances and environmental change (Petchey & Belgrano 2010; 
Yvon-Durocher et al. 2011; Gardner et al. 2011). 
The size structure of organism assemblages has been analysed for various terrestrial and aquatic 
ecosystem types (for summary see e.g. Yvon-Durocher et al. 2011). Most studies have been 
conducted in marine ecosystems, and investigated fishing impacts on commercially important fish 
stocks (e.g. Bianchi et al. 2000; Blanchard et al. 2009). Substantially less is known about factors which 
modify the size structure of lake fish assemblages, particularly across large geographical scales 
(Emmrich et al. 2011). Empirical evidence from a few regional studies indicates that differences in 
fish size distributions can be explained by differences in lake morphometry, lake productivity and 
functional fish assemblage composition (Jeppesen et al. 2000; Holmgren & Appelberg 2000; 
Jeppesen et al. 2010; Emmrich et al. 2011). Local presence/absence data and maximum species-
specific fish size are taken from the scientific literature and have been used to analyse changes in 
species richness across size classes over large geographical scales (Lindsey 1966; Knouft 2004; 
Griffiths 2010). Other studies have focused on selected species and have demonstrated variations in 
fish body size across latitudinal gradients (Heibo, Magnhagen, & Vøllestad 2005; Blanck & Lamouroux 
2007; Lappalainen, Tarkan, & Harrod 2008). These results demonstrated that fish assemblages in 
warm environments typically consist of more small-sized species (Knouft 2004; Teixeira-de Mello et 
al. 2009; Griffiths 2010), and individuals of the same species are larger in cold environments than 
conspecifics in warm environments (Blanck & Lamouroux 2007; Lappalainen et al. 2008; Jeppesen et 
al. 2010). Accordingly, the size of ectothermic animals is temperature-dependent resulting from 
physiological constraints at extreme temperatures (Lindsey 1966; Atkinson & Sibly 1997). Despite 
previous studies, it remains unresolved how much the size structure of entire lake fish assemblages 
varies over large spatial scales, and what are the main predictors of this variation. For this 
endeavour, ideally, relative abundances of local species obtained from standardised samplings can 
be merged with individual fish size measures, and combined with a range of lake variables related to 
morphometry, productivity and geographic location. Such large datasets from lakes were not 
previously available. 
In this study, we moved beyond previous approaches in three directions. Firstly, we used a large 
dataset including fish catches from 701 lakes located in eight countries which cover a latitudinal 
range of 28° and a longitudinal range of 35° across Europe. Fish assemblages were sampled with 
standardised benthic multi-mesh gillnets and evaluated with respect to species, individual body 
length and mass. Secondly, we compared predictions from previously published regional studies on 
the correspondence between size structure differences and environmental gradients with the 
empirical results obtained from our large-scale dataset. We compared the slopes of individual size 
distributions (ISD) (sensu size spectra, White et al. 2007), and average and maximum size of the fish 
assemblages along geographic and thermal gradients, gradients of lake morphometry and variations 
in lake productivity. Thirdly, we included biotic predictors which characterise taxonomic fish 
assemblage composition to account for potential species shifts along the abiotic gradients in this 
large-scale analysis. 
According to previous studies, we expected the following patterns: Average size of the fish 
assemblage is predicted to increase with increasing latitude, elevation and lake depth, primarily 
reflecting differences in the thermal lake regime (e.g. Choi 1998) (Fig. 1a). The effects of lake 
productivity on fish size did not show a consistent trend although for many species a decrease in 
average size with increasing concentration of total phosphorus (TP) was observed (Jeppesen et al. 
2000, 2010) (Fig. 1a). The response of maximum size along geographical (and thermal) gradients is 
apparently species-specific and not unidirectional (Belk & Houston 2002; Blanck & Lamouroux 2007) 
(Fig. 1b). An increase in lake area and depth and a decrease in the intensity of anthropogenic 
modifications in the lakes’ catchment is predicted to result in larger average fish sizes and larger 
maximum-sized individuals due to lower anthropogenic disturbances such as fishing (Wilde & Pope 
2004) (Fig. 1b). We predicted a flattening of the ISD slope (i.e. less negative) with increasing latitude, 
elevation, lake area and lake depth, and in pristine lakes of low productivity due to higher 
proportions of large fish (cf. Emmrich et al. 2011). Finally, an increase in lake productivity should lead 
to an increase in small-sized fish, which in turn steepens the slope of the ISD (Fig. 1c). Overall, we 
expected a high biogeographic heterogeneity of the size structures of lake fish assemblages, due to 
the varying strength, direction and the potentially interacting effects of local abiotic predictors on 
fish size. 
 
Methods 
Fish data 
A database of multi-mesh gillnet catches was used to analyse differences in the size structure of 
European lake fish assemblages. Natural lakes and reservoirs (both termed lakes subsequently) were 
sampled between 1993 and 2010, largely in accordance with the European standard EN14757 for 
gillnet surveys in lakes (CEN (European Committee for Standardization) 2005). Stratified random 
sampling with benthic multi-mesh gillnets (type NORDIC: length 30 m; height 1.5 m; 12 panels of 2.5 
m each with mesh sizes between 5 and 55 mm knot to knot) was undertaken during late summer and 
early autumn with a pre-defined number of nets per lake set randomly in each depth stratum 
depending on lake area and depth.  
Information on individual size is essential for a representative picture of fish assemblage size 
structure and for the calculation of size metrics. We selected only lakes with available information on 
individual length (nearest cm) and/or fresh mass (nearest g) for at least 95% of the fish. Missing size 
measures were back-calculated using latitudinal-specific (5° latitude) and species-specific mass-
length and length-mass relationships calculated from fish in the database with complete information 
on individual length and fresh mass (Emmrich unpublished). Due to biased sampling efficiency of 
multi-mesh gillnets for very small fish (Prchalová et al. 2009), individuals < 8 cm were ignored in 
order to reduce the ‘noise’ of varying seasonal recruitment success and differences in sampling time 
and, hence, the length of effective growing season. Only lakes sampled with a minimum of six gillnets 
and with a catch size of ≥ 50 individuals were considered to ensure that size metrics were not heavily 
influenced by highly variable catches of single nets and by extreme sizes within small sample sizes. 
Finally, only lakes with pH ≥ 6 were included which avoids interfering effects of acidification on the 
fish assemblage size structure. The final dataset comprised fish catch data from 701 lakes (615 
natural lakes and 86 reservoirs) located in eight European countries (Fig. 2).  
 
Predictor variables 
Nine predictor variables were selected for this study (Table 1). Lake location was characterised using 
latitudinal coordinates (map datum WGS84) and elevation (m a.s.l.). Lake morphometry was 
characterised by area (km2) and maximum depth (m). Trophic status was characterised using annual 
mean total phosphorus concentration (TP in µg L-1). The catchment area of the lakes was described 
by the percentage of natural ground (Corine Land Cover (CLCnatural), European Environment Agency 
2006) indicating the proportion of area which is not affected by anthropogenic alterations such as 
agriculture or urbanisation.  
Fish assemblage composition was described using local species numbers (richness). Furthermore, we 
conducted a principle component analysis (PCA) derived with a Chord-transformed site-species 
matrix including numerical abundance data. This unconstrained ordination allows the application of 
Euclidean distance-based PCA on zero-inflated datasets (Legendre & Gallagher 2001). Zero-inflated 
data are typically observed when many species are replaced across broad gradients of abiotic lake 
characteristics (area, depth, trophic status) and geographic position (Table 1). The Chord distance 
downweighs the importance of rare species (Legendre & Gallagher 2001) which was important as 
highly abundant species were also most influential for the calculation of the size metrics. To reduce 
further the number of zeros in the site-species matrix, rare species which have been caught in less 
than five lakes (<1% of 701 lakes) were removed from the analyses. The site (lake) scores along the 
first two PCA axes were used as taxonomic descriptors of the lake fish assemblages. 
Size metrics  
To cover different aspects of the size structure of lake fish assemblages, we selected four size 
metrics. We calculated the average size (AS) as the geometric mean length (cm) of the fish per lake 
and the maximum size (Smax, cm) as the length of the largest individual in the catch. The relative 
frequency of small and large fish in a lake was characterised by the individual size distribution (ISD) 
(sensu size spectra, White et al. 2007). ISDs represent a frequency distribution of individual body 
sizes across size classes irrespective of taxonomy (White et al. 2007). ISDs typically follow simple 
power laws (Kerr & Dickie 2001) which are characterised by monotonically decreasing, unimodal and 
multimodal distributions (White et al. 2007). Size groups were based on log2 class intervals of fresh 
mass (g). Due to the removal of fish < 8 cm, the smallest individuals of 1-8 g were summed in the first 
fresh mass class, and all fish > 4096 g were summed in the last (11th) fresh mass class. Because ISDs 
were based on log-size classes, assumptions of multiplicative log-normal error structures were better 
supported than additive normal error structures. Consequently, log-linear ordinary least square (OLS) 
regressions were calculated (Xiao et al. 2011) by plotting the midpoint of each log2 fresh mass class 
against the log2-transformed number of individuals per size class. To improve between-lake 
comparability, regression slopes from the log-linear models were initially calculated as a size metric 
for all lakes, independently of whether nonlinear models would have been better fit. To account for 
deviations from log-linear models, the determination coefficient (R2) of the regression lines was 
additionally considered as a size metric in the subsequent analyses. In the case of non-significant log-
linear models, we explored whether data were alternatively better described by unimodal or 
multimodal models. 
 
Data analyses 
Variations in the size metrics were modelled along gradients of abiotic lake characteristics and 
differences in fish assemblage composition using boosted regression tree (BRT) analysis. BRT analysis 
is a predictive technique which combines boosting algorithms with regression trees, and considers 
nonlinear response-predictor relationships as well as interactions between predictors (Friedman 
2002; De’ath 2007). BRTs were applied to estimate the contribution of each predictor to the total 
variation in each of the four size metrics. Interactions between predictors were automatically 
included in the models via tree complexity. Similar to other tree-based methods, BRTs can 
simultaneously handle categorical and continuous data, and allow the incorporation of missing data. 
Predictor variables do not need to be transformed and outliers need not to be eliminated (Breiman 
et al. 1984; De’ath 2007). A Gaussian error distribution was most appropriate for the size metrics. 
Predictive performance of the BRT models was evaluated using ten-fold cross-validation. Ten 
mutually exclusive data subsets were randomly selected and model predictions were compared to 
the withhold proportion of the data. The optimal number of trees (nt) which produced the lowest 
prediction error without model overfitting was identified testing tree complexities (tc) of one and 
two (this accounts for no or one-way interactions), learning rates (lr) of 0.05, 0.01, 0.005 and 0.001 
and bag fractions (bf) of 0.5 and 0.75. The bag fraction determines the proportion of data which are 
selected during each iteration process. The bag fraction introduces stochasticity, improves model 
accuracy and reduces model overfitting (Friedman 2002). The minimum limit to fit models was set to 
1000 trees to reduce the contribution from single trees to the final model (Elith, Leathwick, & Hastie 
2008). BRT analysis does not generate P-values, but the relative influence (measuring how often a 
predictor variable is selected and testing the strength of its influence on model improvement) was 
used to estimate the significance of each predictor. Partial dependence plots were used to visualize 
the effects of individual predictors on the response variables (size metrics) after accounting for the 
average effects of all other predictors (Friedman 2002).  
Complete information on TP and CLCnatural was available for 51.5% and 47.9% of the lakes, 
respectively, but this is not a problem in BRT analysis as dummy values replace missing entries. To 
evaluate whether the dummy values changed the relative influence of predictor variables, the 
models were re-run with a reduced lake set (n=274), comparable in geographical range to the total 
dataset, with complete information on TP and CLCnatural (Table S2 supporting information). Statistical 
analyses were performed in R (R Development Core Team 2012) version 2.14.2 using the packages 
vegan (version 2.0-3; Oksanen et al. 2012) for PCA calculation and gbm (version 1.6-3.2; Ridgeway 
2012) plus codes provided by Elith et al. (2008) for calculation of the BRT models. Published R codes 
from Xiao et al. (2011) were used to test the error structure of the ISD data. 
Results 
Fish assemblage composition 
A total of 37 fish species was caught in the benthic multi-mesh gillnets in 701 European lakes. Perch 
Perca fluviatilis L. and roach Rutilus rutilus (L.) dominated the overall catch (Table S1 supporting 
information). The first two PCA axes explained 67.9% of the variability in fish assemblage 
composition (axis 1: 43.4%; axis 2: 24.5%). Further axes were less important (< 9% explained 
variability). Axis 1 discriminated perch-dominated lakes (Pearson’s r = -0.87) from roach-dominated 
lakes (r = 0.80). Roach-dominated lakes were characterised by higher abundances of bream (Abramis 
brama (L.), r = 0.36) and white bream (Blicca bjoerkna (L.), r = 0.32). The positive lake scores along 
axis 1 represent fish assemblages dominated by eurythermic warmwater cyprinids, and the negative 
lake scores along axis 1 represent fish assemblages dominated by eurythermic coolwater perch. Axis 
2 discriminated salmonid-dominated lakes with stenothermic coldwater species such as brown trout 
(Salmo trutta L., r = -0.78) and charr (Salvelinus ssp., r = -0.53) from lakes dominated by eurythermic 
roach (r = 0.59) and perch (r = 0.48). Other species were less important in the ordination (all r < 0.3, 
Table S1 supporting information). 
Size metrics 
Average size (AS) of the fish assemblages was 14.1 ± 2.6 cm (SD). Mean Smax was 54.6 ± 15.4 cm (SD). 
Fish catches from most lakes (n = 633) could be characterised by significantly linear (p <0.05) ISDs 
which indicate a monotonically decreasing pattern (Fig. 3a). The slopes of the OLS regression lines of 
these 633 lakes averaged -0.74 (95% CI = -0.75 – -0.72; range -1.24 – -0.31). Mean R2 of the 
regression models was 0.78 ± 0.15 (SD). Size structures of lake fish assemblages characterised by 
non-significant linear ISDs fitted quadratic models which represent unimodal (n = 51, Fig. 3b) and 
multimodal ISDs. Multimodal ISDs were typically shaped by two peaks (n = 17, Fig. 3c). The range of 
the size metrics was substantial, but the most extreme values occurred in only a few lakes (Fig. 4 a-
d). The majority of the lakes were characterised by a relatively similar AS, slope and R2 of the ISD 
which was indicated by a steep increase in the cumulative percentages around the modal values (Fig. 
4 a,c,d). The distribution of Smax was more heterogeneous with most maximum-sized fish lengths 
between 35 and 75 cm (Fig. 4b). 
BRT models 
Final BRT models were run with learning rates of 0.01 (ISD, R2) and 0.005 (AS, Smax), a bag fraction of 
0.75 and a tree complexity of two (i.e. one-way interactions between the predictors were included). 
Optimal tree number ranged between 1250 and 2850. Predictive model performance was 36.1% 
(AS), 22.7% (Smax), 46.7% (slope ISD) and 42.5% (R
2). The BRT models developed with data from the 
reduced lake set (n = 274 with complete information of TP and CLCnatural) resulted in comparable 
predictive model performances, and the importance and rank of predictors did not change 
substantially. This suggests that the missing data on trophic status and CLCnatural had no substantial 
effect on the dominant predictors which influence fish assemblage size structure in our data set 
(Table S2 supporting information).  
Predictor influence and interactions between predictors  
Relative influence (RI) of the predictors differed among the size metrics (Table 2). The functions fitted 
to the BRT models were highly variable and revealed linear and curvilinear patterns (Fig. 5). RI of TP 
and CLCnatural was consistently weak across the size metrics (RI < 5%) (Table 2). The other predictors 
contributed stronger to variations in the size metrics (RI > 8%), and elevation, latitude, lake area, 
species richness and scores to PCA axis 2 were ranked highest (Table 2). 
The largest AS was observed in fish assemblages populating southern and northern European lakes. 
These lakes were located at higher elevation, and fish assemblages were dominated by salmonids 
(mainly brown trout and/or charr) (Figs 5a and 6a). The smallest AS was observed in European 
lowland lakes with fish assemblages dominated by perch and/or roach (Figs 5a and 6a). The largest 
Smax was observed in the largest lakes populated by many species. Fish assemblages in these lakes 
were typically dominated by warmwater cyprinids (Figs 5b and 6b). The slope of the ISDs decreased 
(i.e. became less negative) with increasing elevation. Smaller lakes with low species richness and 
lakes with fish assemblages dominated by salmonids were characterised by the flattest slopes (Figs 
5c and 6c) and the lowest R2 which indicates nonlinear ISDs (Figs 5d and 6d).  
Discussion 
Results from the BRT analysis of the four size metrics revealed elevation, latitude and lake area as 
important abiotic predictors of the size structure of European lake fish assemblages. These results 
support our initial predictions obtained from regional analyses which have confirmed a strong effect 
of geographical location via the local temperature. Surprisingly and in contrast to our predictions, 
lake productivity had the weakest influence on differences in the size structure of lake fish 
assemblages when analysed over large geographical scales. Fundamentally new insights emerged 
from the inclusion of biotic descriptors. Species shifts across the long elevation and latitudinal 
gradients generated two fish assemblage types which strongly differed in their size structure. More 
than 90% of the lakes, primarily located in the European lowlands, were characterised by fish 
assemblages which were dominated by small-sized perch and/or roach. The fish assemblages of 
about 10% of the lakes mainly located at higher elevation in southern and northern Europe were 
dominated by salmonids (brown trout and/or charr). These assemblages were characterised by a 
significantly lower proportion of small-sized fish which, in turn, resulted in a higher average size of 
the assemblages characterised by unimodal or multimodal ISDs. 
Elevation and latitude which can be linked to the environmental temperature and the thermal lake 
regime (Efremova & Palshin 2007) were important predictors of AS, and the slope and R2 of the ISDs. 
Temperature has a significant effect on the size of aquatic ectotherms from individual to assemblage 
levels (Daufresne, Lengfellner & Sommer 2009), and strongly modifies species richness and 
taxonomic composition of lake fish assemblages (Tammi et al. 2003; Jeppesen et al. 2012). We 
observed more large fish in colder environments. This pattern supports the temperature-size rule 
(Atkinson 1994) which describes the phenotypically plastic response of body size of ectothermic 
species to their environmental temperature. Individuals in colder environments grow slower early in 
ontogeny and mature as larger adults than individuals in warm environments. Thus, individual body 
size of fish decreases with increasing temperature (Daufresne et al. 2009). 
Maximum fish length was the only size metric whose variation was not primarily linked to elevation 
and latitude. The BRT model of maximum length had a substantially lower predicted performance in 
the boosted regressions than the other size metrics. Other empirical studies on freshwater fish have 
confirmed comparable weak shifts of maximum fish size along geographic gradients (Belk & Houston 
2002; Blanck & Lamouroux 2007). Instead, we identified lake area as the main predictor of maximum 
fish length, likely because the largest individuals are less vulnerable to fisheries in large lakes (Wilde 
& Pope 2004). Furthermore, food-chain length in lakes is primarily determined by lake size (Post et 
al. 2000), and larger lakes support more trophic levels and are consequently populated with larger 
top predators. A similar pattern was suggested from a regional study studying maximum fish size in 
European lowland lakes (Emmrich et al. 2011). Finally, maximum length was positively correlated 
with species richness which indicates a higher probability of occurrence and catch of large-sized 
species in large lakes. 
Although the lakes in this study covered a productivity gradient from ultra-oligotrophic to 
hypertrophic, and lake catchments strongly differed in the proportion of area which was 
anthropogenically modified (agriculture, urbanisation), both predictors did not significantly explain 
variability in the size structure of lake fish assemblages. Trophic status and lake temperature are 
closely linked via lake depth. Shallow (warm) lakes are typically nutrient rich (Nõges 2009) and fish 
densities increase in number and biomass with increasing lake productivity (Jeppesen et al. 1997). At 
comparable or even reduced nutrient concentrations warmwater lakes exhibit higher fish densities 
particularly of small-sized individuals than coldwater lakes (Jeppesen et al. 2010). Fish in warmwater 
lakes which are characterised by relatively instable thermal regimes grow faster early in ontogeny, 
but slower later in ontogeny, mature earlier and have shorter life spans than fish in coldwater lakes 
with more stable thermal regimes (Choi 1998; Blanck & Lamouroux 2007; Jeppesen et al. 2010). This 
explains another dimension of the key influence of temperature on the size structure of lake fish 
assemblages when compared across large geographical and climatic gradients. The interaction 
between lake morphometry, temperature and productivity might explain why trophic status, 
contrary to our initial predictions, was such a poor predictor in our study. Presumably, effects of 
variation in trophic status were covered by temperature variations which affect size structure in the 
same direction.  
A surprisingly high homogeneity of the fish assemblage size structure was apparent in 90% of the 
lakes which were mainly located in the European lowlands (Northern Germany, Southern Sweden). 
Relatively small fish dominated the size-frequency distributions in these lakes. This dominance of 
small-sized individuals can be due to the occurrence of many small-sized species and/or due to high 
abundances of juvenile fish (Teixeira-de Mello et al. 2009; Daufresne et al. 2009). Small-sized species 
typically inhabit the shallow near-shore lake zones and tend to be underestimated in benthic multi-
mesh gillnet catches (Diekmann et al. 2005). Consequently, we assume that the dominance of small 
fish sizes in our study lakes primarily reflects high juvenile abundances. In the European lowlands, 
local temperature defined by lake depth and latitude determines fish species composition and 
relative species abundance (Mehner et al. 2005; 2007). Specifically, fish assemblages of these lakes 
are typically dominated by perch and/or roach (Mehner et al. 2005; 2007). This assemblage pattern 
was well described by the first PCA axis on fish assemblage composition, which discriminated perch-
dominated lakes from roach-dominated lakes. However, the lakes scores of PCA axis 1 did not predict 
variability of any size metric. The weak relative influence of this biotic predictor may be explained by 
similar size structures of perch and roach populations in the dataset (mean total length perch: 14.1 
cm; roach: 14.5 cm). The size distribution of both species was not significantly different (two sample 
Kolmogorov-Smirnov test: D = 0.16, P = 0.62). The small average size and the steep ISD slopes 
indicated that juvenile fish dominated these assemblages.  
The overall size structure of lowland lake fish assemblages is apparently relatively invariant and 
largely species-independent, due to similar life histories of locally dominant species. This conclusion 
does not contrast with results from earlier studies in this region, in which a correspondence between 
the size structures of fish populations and multi-species assemblages with gradients of lake 
morphometry and trophic status has been documented (Jeppesen et al. 2000; Holmgren & 
Appelberg 2000; Emmrich et al. 2011). However, the subtle response of fish size to local predictors in 
these regional studies is relativised when shifts in lake fish assemblage size structure are considered 
across large geographical scales.  
The size structure of fish assemblages in lowland lakes which were dominated by roach and/or perch 
differed essentially from lakes populated by stenothermic coldwater species such as brown trout 
and/or charr. These salmonid species occurred primarily in high elevation lakes but at both the 
northern and southern latitudinal range, suggesting that the colder temperature at higher elevation 
was the main factor determining their occurrence. The trout and charr populations were 
characterised by similar size structures (two sample Kolmogorov Smirnov Test: D = 0.14, P = 0.64), 
and were dominated by larger-sized fish resulting in unimodal and bimodal size distributions, and 
lower abundances of small-sized juvenile individuals (cf. L’Abée-Lund, Langeland, & Sægrov 1992; 
Griffiths 1994).  
The major shift in the size structure of European lake fish assemblages with increasing elevation and 
decreasing temperature reflects a switch in the dominant life-history strategy. Cyprinids and percids 
(mainly perch) are characterised by early maturity, lower fecundity and smaller adult size, and are 
classified as species with a life-history strategy of the periodic type (Vila-Gispert & Moreno-Amich 
2002). A periodic life history enables survival during suboptimal environmental conditions in the 
northern hemisphere such as reduced food availability during winter (Winemiller & Rose 1992). The 
size structure of fish assemblages dominated by the periodic life-history type is characterised by a 
dominance of small-sized, juvenile fish. By contrast, larger-sized salmonids are species that mature 
later, have higher fecundity and larger sizes. Salmonids are typically classified as species with a life-
history strategy of the equilibrium type (Winemiller & Rose 1992). Their size structure is dominated 
by more medium- and large-sized fish and lower abundances of juveniles. We cannot exclude the 
possibility that abundances of small fish are underestimated due to the low catchability of juvenile 
salmonids by multi-mesh gillnets (Finstad et al. 2000). The low abundance of small-sized juveniles in 
some of these lakes may also reflect the occupancy of habitats other than lakes such as adjacent 
rivers. Despite these methodological uncertainties, there is strong evidence for a switch from a 
cyprinid-like life history to a salmonid-like life history along the elevation gradient in European lakes. 
This shift has substantial consequences for the overall size structure of the lake fish assemblages. 
Our results suggest a strong temperature effect on the dominant life-history type in lake fish 
assemblages. Specifically, life history strategies of roach and perch which are dominant in European 
lowland lakes are likely to be not plastic enough for a successful recruitment at coldest temperatures 
in higher elevation lakes. These species are then replaced by salmonids which are better adapted to 
cold environments (cf. Helland et al. 2011). In turn, salmonids can obviously not develop a more 
periodic life history strategy similar to that found in perch and roach, and hence fail to become 
dominant in shallower and warmer lakes at low elevation sites.  
We found evidence that changes in the size structure of lake fish assemblages across broad 
geographical ranges consist of size shifts at both population (intraspecific) and assemblage 
(interspecific) levels. These two response levels have to be cautiously disentangled when the effects 
of temperature-related predictors on size structure of assemblages has to be discussed. 
In summary, many of our predictions of environmental determinants on the size structure of 
European lake fish assemblages were supported. Average fish size increased with increasing 
elevation and latitude and larger maximum-sized fish populated large lakes. Contrary to our 
assumptions, lake productivity had no significant influence when compared across a large 
geographical scale. The two major species shifts differed in their consequences. Shifts from roach to 
perch dominance in European lowland lakes resulted in low variation in the size structure. The shift 
from perch and/or roach to salmonids with increasing elevation induced a strong shift towards 
larger-sized fish in salmonid-dominated assemblages. This suggests that size structures of fish 
assemblages in European lowland lakes are relatively robust against environmental modifications. In 
contrast, fish assemblages of high-elevation lakes likely suffer dramatic changes, in consequence of 
global warming, for instance (Jeppesen et al. 2012). Expected species shifts are likely to be 
accompanied by substantial shifts in size structure with unprecedented effects on species 
interactions and energy flows in lake ecosystems (cf. Dossena et al. 2012).  
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Figure 1. Predicted trends in average size (a), maximum size (Smax) (b) and the slope of the individual 
size distribution (ISD) (c) along gradients of descriptors related to the lakes’ location, morphometry, 
trophic status and anthropogenic impact in the catchment area (measured as Corine Land Cover; 
CLCnatural). Lines show a decreasing, increasing or indeterminate (horizontal line) response of the size 
metrics. Note the opposite direction of the ordinate, because of the negative slopes of the ISD (c). 
Numbers indicate empirical studies supporting the predictions:  
1: Arend & Bain (2008), 2: Beier (2001), 3: Belk & Houston (2002), 4: Blanck & Lamouroux (2007), 5: 
Choi (1998), 6: Emmrich et al. (2011), 7: Griffiths (2006), 8: Heibo et al. (2005), 9: Holmgren & 
Appelberg (2000), 10/11: Jeppesen et al. (2000, 2010), 12: Lappalainen et al. (2008), 13: Lindsey 
(1966), 14: Teixeira-de Mello et al. (2009), 15: Wilde & Pope (2004) 
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Figure 2. Geographical distribution of the 701 lakes across eight European countries (grey-coloured) 
whose fish assemblages were sampled with benthic multi-mesh gillnets. 
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Figure 3. Examples of individual size distributions (log2 midpoints of fresh mass in g vs. log2 numbers) 
of fish assemblages from three European lakes showing a monotonically decreasing (a), an unimodal 
(b) and a multimodal distribution (c).  
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Figure 4. Frequency distribution of average size (a), maximum size (b) and the slope (c) and R2 (d) of 
the individual size distributions (ISD). The black lines indicate the cumulative distribution of the size 
metrics in percent. 
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Figure 5. Partial dependence plots showing the two most influential predictor variables on the fitted 
function (centered around the mean) of average size (a), maximum size (b) and the slope (c) and R2 
(d) of the individual size distributions (ISD). Rug plots on the top horizontal axes indicate the 
distributions of the predictor variables, in deciles. Percentage values indicate the relative importance 
of the predictor variables in the boosted regression tree analyses. 
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Figure 6. Three-dimensional mesh plots showing the two strongest pair-wise interactions in the 
boosted regression tree model for average size (a) and maximum size (b). Arrows on the z-axes 
indicate direction of increasing values of the size metrics. 
 
 
Figure 6 continued. Three-dimensional mesh plots showing the two strongest pair-wise interactions 
in the boosted regression tree model for the slope (c) and R2 (d) of the individual size distributions 
(ISD). Arrows on the z-axes indicate direction of increasing values of the size metrics.  
 
 
 
 
 
 
 
 
Table 1. Predictor variables of the 701 European lakes. Mean, minimum and maximum value and 
coefficient of variation (CV) are given. Site scores of the first two PCA axes are not included because 
their variability cannot be interpreted in the same way as for the other variables. 
 
Predictor (unit) Mean Minimum Maximum CV 
Latitude (WGS84) 56.1300 41.3953 69.6972 0.10 
Elevation (m a.s.l.) 231.0 -1 1937 1.02 
Area (km2) 2.06 0.02 113 3.09 
Zmax (m) 16.8 1 190 1.07 
TP (µg L-1) 29.3 1 561 1.78 
CLCnatural (%) 70.2 2.1 100 0.44 
Species number 5 1 15 0.55 
 
Zmax = maximum depth, TP = annual mean total phosphorus concentration, CLCnatural = percentage of 
natural ground in the catchment area 
Table 2. Relative influence of the abiotic and biotic predictor variables in the boosted regression tree 
models on average size (AS), maximum size (Smax) and slope and determination coefficient (R
2) of the 
individual size distributions from 701 European lakes. The rank of importance of the predictor is 
given in brackets. 
 
Predictor AS Smax Slope R
2 
Latitude 19.1 (2) 11.6 (3) 5.2 (6) 14.7 (3) 
Elevation 14.8 (3) 6.6 (5) 22.7 (1) 15.7 (2) 
Area 1.3 (8) 34.3 (1) 21.9 (2) 7.3 (7) 
Maximum depth 13.7 (4) 4.3 (7) 11.8 (5) 9.4 (6) 
Total phosphorus 0.6 (9) 4.6 (6) 1.3 (8) 2.3 (8) 
CLCnatural 2.7 (7) 3.9 (8) 1.2 (9) 2.0 (9) 
Species number 3.1 (6) 21.7 (2) 14.3 (4) 12.1 (4) 
Axis 1 PCA 8.7 (5) 3.2 (9) 2.1 (7) 9.5 (5) 
Axis 2 PCA 31.6 (1) 9.9 (4) 19.6 (3) 27.0 (1) 
 
CLCnatural: Percentage of natural ground in the catchment area 
Axis 1: Discrimination between perch- (coolwater) and roach- (warmwater) dominated fish 
assemblages 
Axis 2: Discrimination between perch/roach- (cool/warmwater) and salmonid- (coldwater) 
dominated fish assemblages  
The following Supporting Information is available for this article online: 
Table S1. List of fish species occurring in more than five of the 701 lakes, their relative numerical 
abundance (%) in the total catch and their frequency of occurrence (% of 701). Pearson’s correlation 
coefficients with the first two principal component axes are given. Correlations > 0.3 are highlighted 
in bold. 
Scientific name Common name Abundance % of 701 Axis 1 Axis 2 
Abramis brama bream 3.83 42.94 0.360 -0.115 
Alburnus alburnus bleak 2.37 24.96 0.210 -0.044 
Ameiurus melas black bullhead 1.64 4.42 0.118 -0.120 
Anguilla anguilla eel <0.01 2.00 0.081 -0.048 
Aspius aspius asp <0.01 0.86 0.071 -0.055 
Barbatula barbatula stone loach 0.01 1.00 0.053 -0.131 
Barbus barbus common barbel 0.01 1.00 0.050 -0.006 
Blicca bjoerkna white bream 4.72 21.26 0.319 -0.187 
Carassius gibelio prussian carp <0.01 1.00 0.009 -0.011 
Carassius carassius crucian carp 0.05 3.85 0.055 -0.069 
Cobitis taenia spined loach 0.02 3.42 0.033 0.061 
Coregonus albula vendace 0.78 11.13 -0.050 0.047 
Coregonus lavaretus whitefish 0.43 10.84 -0.086 0.000 
Cottus gobio European bullhead <0.01 0.86 0.024 -0.139 
Cottus poecilopus alpine bullhead  0.01 1.14 -0.039 0.005 
Cyprinus carpio carp 0.07 6.42 0.117 0.001 
Esox lucius pike 0.37 66.62 0.071 0.188 
Gobio gobio gudgeon 0.37 5.42 0.064 -0.087 
Gymnocephalus cernuus ruffe 4.59 35.66 0.191 0.038 
Hypophthalmichthys molitrix silver carp 0.01 0.86 0.052 -0.089 
Lepomis gibbosus pumpkinseed 0.11 5.42 0.064 -0.003 
Leucaspius delineatus sunbleak 0.02 0.71 0.096 -0.036 
Leuciscus idus die <0.01 0.71 0.008 0.009 
Leuciscus leuciscus dace 0.01 0.86 0.015 0.032 
Lota lota burbot 0.08 8.27 0.017 -0.266 
Oncorhynchus mykiss rainbow trout 0.05 3.14 0.011 -0.150 
Osmerus eperlanus smelt 0.31 5.42 0.007 -0.053 
Perca fluviatilis perch 43.37 93.87 -0.870 0.483 
Phoxinus phoxinus common minnow 0.09 3.71 0.021 -0.251 
Rutilus rutilus roach 32.02 81.46 0.798 0.585 
Salmo trutta brown trout 0.65 12.27 0.086 -0.776 
Salvelinus alpinus/umbla charr 0.66 6.99 0.046 -0.533 
Sander lucioperca pikeperch 1.72 21.26 0.271 -0.087 
Scardinius erythrophthalmus rudd 1.41 28.67 0.124 -0.008 
Silurus glanis European catfish 0.01 3.14 0.135 -0.093 
Squalius cephalus chub 0.09 4.99 0.064 -0.011 
Tinca tinca tench 0.11 19.83 0.084 0.068 
Table S2. Predictive performance (D2) of the boosted regression tree models on average size (AS), 
maximum size (Smax) and slope and determination coefficient (R
2) of the individual size distribution of 
lakes with complete information on total phosphorus (TP) and percentage on natural ground in the 
catchment area (CLCnatural) (n = 274). The relative influence (%) and the rank of importance of the 
predictor (in brackets) are given. 
Size metric AS Smax Slope R
2 
D2 (%) 36.7 20.6 44.5 46.9 
Predictor     
Latitude 15.6 (4) 12.2 (3) 7.6 (5) 16.6 (3) 
Elevation 22.5 (3) 10.4 (5) 28.7 (1) 25.8 (1) 
Area 5.1 (5) 14.3 (2) 23.0 (2) 10.3 (5) 
Max. depth 22.9 (2) 7.4 (7) 15.1 (3) 13.7 (4) 
TP 0.9 (9) 6.6 (8) 1.2 (8) 1.0 (8) 
CLCnatural 1.5 (8) 8.3 (6) 1.6 (7) 0.9 (9) 
Species number 4.0 (6) 23.4 (1) 7.7 (6) 6.1 (6) 
Axis 1 PCA 2.8 (7) 5.7 (9) 1.1 (9) 1.4 (7) 
Axis 2 PCA 24.7 (1) 11.9 (2) 14.0 (4) 24.4 (2) 
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